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Sarapää, Olli 1996. Proterozoic primary kaolin deposits at Virtasalmi,
southeastern Finland. Geological Survey o.f Finland, Espoo. l2 pages and

one figure, with original articles (I- III).
Kaolin deposits at Virtasalmi, southeastern Finland, formed as a result

from in siru chemical weathering of quartz-f'eldspar gneiss, tonalite, mica
gneiss and amphibolite in a warm and humid climate. Potassium-argon
dating of authigenic illite from the Litmanen kaolin deposit indicates that the
age ofkaolinization is I I 80 Ma. Further evidence of Proterozoic kaolinization
at Virtasalmi was found in the impact structure of Iso-Naakkima, where
kaolinitic sediments contain microfossils that lived 650-1000 Ma ago. The
sediments lie unconfbrmably on weathered Paleoproterozoic mica gneiss.

Based on recent paleomagnetic measurements, Fennoscandia was at or near
the Equator during the kaolinization at Virtasalmi.

The kaolin deposits occur, in an area 20 km x 5 km, on the southwestern
side of the Raahe-Ladoga Zone. The bedrock comprises Svecof'ennian
schists and plutonic rocks (ca. 1900 Ma). The erosion surface of the kaolin
deposits is 77-93 m a.s.l., below a 20-30 m thick Quaternary overburden.
The individual kaolin deposits are 0.5-2 km long and 50-400 m wide and
the thickness of the deposits is usually 30-40 m, 100 m at most. The fractures,
joints, structures and lithology of bedrock control the occurrence and
quality of kaolin. The white kaolin was usually derived from quartz-f'eldspar
gneiss, tonalite or mica gneiss and coloured kaolin from amphibolite or mica
gneiss. There is a gradual transition zone between kaolin and its parent rock
that, together with relict parent rock texture, indicates the primary origin of
kaolin.

The kaolin from difTerent deposits average s 40-'7 5Vo kaolinite and2O-307o
quartz. In some drill cores, from Litmanen, Ukonkangas and Eteläkylä, the
kaolinite content reaches 1007o. Usually, the silt and clay fractions are
almost entirely kaolinite. There remains some feldspar and mica in the
lower parts of deposits, where the clay fraction also contains smectite and
illite. Coloured kaolin contains some goethite or haematite; ilmenite and
occasionally graphite are other staining components.

During kaolinization, alkalies and alkaline earth metals have been com-
pletely removed from the parent rock with 507o decline in silica content and
more than '707o decline in iron. The behaviour of rare earth elements is
similar to that in recent tropical weathering profiles and differs from that of
hydrothermal kaolin. Based on chemical changes, the Proterozoic
kaolinization atVirtasalmi was more thorough than Mesozoic or Tertiary
kaolinization elsewhere in Europe. This may have been due to a high
concentration of CO, in the Proterozoic atmosphere, which strengthened a

greenhouse effect that resulted in global warming and provided optimal
conditions for kaolinization over a considerable span of time.

The kaolin was presumably covered by Neoproteroterozoic sediments,
which protected it from Neoproterozoic and later glacial erosion, at least
until the beginning ofthe Tertiary, and, thus, the Mesozoic kaolinization had
probably no influence on the kaolin deposits buried under the sediments.
Subsequently, erosion removed the sedimentary cover and most of the
kaolin; kaolins in deep fractures were, however, preserved.

Key words (GeoRef Thesaurus, AGI): kaolin deposits, mineralogy,
geochemistry, mineral deposits, genesis, kaolinization, absolute age, K/Ar,
illite, Proterozoic, Mesoproterozoic, Virtasalmi, Finland
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Sarapää, Oll i 1996. Proterozo ic prim aI'y kao lin de pos its a t Virtasa lmi , 
so uth eastern Finland . C e%gica / Survey 01 Fin land, Espoo. 12 pages and 
o ne fi gure , w ith ori g in a l arti cles (1 - TIT) . 

Kao lin depos its a t Virtasa lmi , southea tern Finl a nd , formed as a res ult 
from in silu c he mi ca l weatherin g o f qu artz-fe ld spar g nei ss, tonalite, mi ca 
g ne iss and amphibo lite in a warm and humid climate . Potass ium -argon 
dating of authi geni c illite fro m th e Litm ane n kao lin de pos it indi cates that the 
age o fk ao lini zati on is I 180 Ma. Fu rthe r ev idence o fProte rozo ic kaolini za ti on 
at Virtasa lmi was fo und in the impac t structure o f Iso- Naakkim a, whe re 
kao liniti c sedim e nts co nta in mi c rofoss il s th at li ved 650- 1000 Ma ago. T he 
sedime nts li e un co nformabl y on weath e red Pa leoprote rozo ic mi ca g ne iss. 
B ased o n recent pa leomagneti c meas ure me nts , Fe nnosca ndi a was a t o r near 
the Equ ator during the kao lini za ti o n at Virtasalmi . 

The kao lin de pos its occur , in a n area 20 km x 5 km , o n the southwes te rn 
side o f the Raahe-Ladoga Zo ne . The bedrock compri ses S veco fe nni an 
schi s ts a nd pluto ni c roc ks (ca. 1900 Ma) . Th e e ros io n surface o fth e kao lin 
depos its is 77-93 m a.s .l. , below a 20-30 m thi ck Qu aternary overburde n. 
Th e individu al kao lin depos its are 0. 5-2 km lo ng and 50-400 m wid e a nd 
th e thi c kness o f th e de pos i ts is usua lly 30-40 m, 100 m at most. The frac tures , 
j o ints, struc tures and litho logy o f bedrock co ntro l the occurre nce a nd 
qu ality o fk ao lin . The white kao lin was usua ll y de ri ved fro m quartz-fe ld spar 
g ne iss, to na lite or mi ca g ne iss and co lo ured kao lin fro m a mphibo lite or mi ca 
g ne iss . Th ere is a g radu a l trans iti o n zone between kao lin and its pare nt rock 
th at, togethe r with re li c t pare nt rock tex ture, indi cates th e prim ary ori g in of 
kao lin . 

The kao lin fro m diffe re nt deposi ts averages 40-75% kao linite and 20-30% 
qu artz. In so me drill cores , fro m Litm ane n, Ukonkan gas a nd Ete läky lä , the 
kao linite co nte nt reac hes 100% . Usua ll y, the silt and c lay frac ti o ns a re 
almos t e ntire ly kao linite . There remain s o me fe ldspar and mi ca in th e 
lo wer parts o f de pos its, where th e c lay frac ti o n a lso contain s smectite and 
illite . Co loured kao lin co nta in s so me goethite o r haematite; ilme nite and 
occas io nall y g raphite are o the r staining co mpo ne nts . 

Durin g kao lini zati o n, a lka li es and a lka lin e earth meta ls ha ve been co m
pl ete ly re moved fro m th e pare nt roc k with 50% declin e in s ili ca co nte nt a nd 
more th an 70 % dec lin e in iro n . Th e be hav io ur of rare earth e le me nts is 
s imil ar to that in recent tro pi cal weathe ring pro fil es and differs fro m th at of 
hydro th e rm a l kao lin . B ased o n c he mi ca l c han ges, th e Pro te rozo ic 
kao lini za ti on atVirtasa lmi was mo re tho rough th an Mesozo ic 0 1' T e rti a ry 
kao lini za ti o n e lsewh ere in Europe. Thi s may have been due to a hi g h 
co nce ntra ti on o f CO, in the Prote rozoi c atmos phe re , whi c h stre ngthe ned a 
gree nho use effect that res ulted in g loba l warming and provided optima l 
conditi o ns for kaolini zation ove r a co ns id erabl e span o f time . 

The kao lin was pres um abl y covered by Neoproteroterozo ic sedim e nts, 
which protected it fro m Neo proterozo ic and late r g lac ia l eros io n, a t leas t 
until th e beg inning o fth e Te rti ary, a nd , thu s, the Mesozo ic kaolini za ti on had 
pro babl y no influe nce o n the kao lin de pos its buri ed unde r the sedime nts . 
Subseque ntl y, eros io n re moved the sedim entary co ve r and mos t of the 
kaolin ; kao lin s in deep frac tures we re, howe ver, preserved. 
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INTRODUCTION

This doctoral thesis deals with the Virtasalmi
kaolin deposits that are situated in an area, 20 km
x 5 km. on the southwestern side of the Raahe-
Ladoga Zone in SE Finland. The bedrock consists
of highly metamorphosed Svecofennian schists and
plutonic rocks (ca. 1900 Ma). The Neoproterozoic
sedimentary rocks discovered in the Iso-Naakkima
impact crater are the youngest rocks in the area.
The kaolin deposits occur in a quartz-feldspar gneiss
- amphibolite - carbonate rock (marble) belt. The
belt also contains several copper-sulphide occur-
rences.

In northern Finland, in Kainuu and Lapland,
there are several small kaolin occurrences that have
been known for a long time (Pekkala and Sarapää
1989). In southern Finland kaolin appears to be
rare. This stems from the fact that glacial erosion
was stronger in the south and that exploration has
been limited in the poorly exposed areas.

Unmetamorphosed sedimentary rocks are rare in
Finland and Quaternary deposits usually lie di-
rectly on Paleoproterozoic and Archean rocks.
Sporadic sedimentary rock areas indicate regions
where the erosion has been low and, thus, the
preservation of previous kaolin may have been
possible. The common association of old impact
craters with preserved sedimentary rocks also indi-
cates a low intensity of erosion. The I 300-1400 Ma
Jotnian sediments have been preserved in the
downfaulted Satakunta and Muhos blocks and at
Lake Ladoga near the Finnish border (Simonen
1980; Kohonen et al. 1993). Mesoproterozoic pre-
impact sediments have been preserved in the east-
ern slope of the Lappajärvi crater (77 Ma) (Uutela
1990; Pipping 1991). Neoproterozoic Vendian
(600-650 Ma) sediments occur in small basins at

Hailuoto and Taivalkoski (Tynni and Uutela 1985).
Younger Cambrian quartz-sandstones and shales
have been found in western Finland at Lauhanvuori
(Simonen and Kouvo 1955) and in the impact crater

of Söderfjärden (Simonen 1 980; Lehtovaara 1990).
The sediments of Lappajärvi, Hailuoto and
Taivalkoski all contain a considerable amount of
kaolinite. Chemically mature Cambrian qvaftz-
sandstones at Lauhanvuori and a kaolin weathering
crust under Cambrian sediments in Estonia also
indicate Proterozoic kaolinization (J6rgensen 1 995).

In 1986 the Geological Survey of Finland (GSF)
started kaolin exploration in southern and Central
Finland (Pekkala and Sarapää 1989) due to the
rapidly increasing demand for kaolin by the Finn-
ish paper industry. During the preliminary study all
geological, geochemical and geophysical material
were carefully reviewed, including checking of
several tens of drill cores stored at GSF. Several
drill cores from the Virtasalmi area indicated ex-
tensive core loss and intense weathering and also
contained white kaolin clay fragments (Sarapää
1987). Accordingly, the main effort was concen-
trated on the Virtasalmi area, where an extensive
geological and geophysical database, particularly
gravity maps (Siikarla 196l; Hyvärinen 1969),
provided a sound foundation for ultimately suc-
cessful exploration. Between 1986 and 1992, ten
kaolin deposits were located and studied by the
GSF in the Virtasalmi area. Six of the deposits may
have economic value as sources of raw material for
paper coating and filling. At present, the Kemira
Company is evaluating the mining potential of two
deposits.

This thesis describes the mineralogy, geochemistry.
origin and age of the Virtasalmi kaolin deposits.
Technical properties and possible uses will be also
discussed and kaolin exploration methods and po-
tential targets areas briefly summarized. It is hoped
that this work inspires further scientific and techni-
cal studies of all the material available on the
Virtasalmi kaolins and encourages exploration for
new domestic pigment resources to meet with the
increasing needs of the Finnish paper industry.
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REVIEW OF THE PAPERS

This doctoral thesis comprises three papers:

1) Elo, S., Kuivasaari, T., Lehtinen, M., Sarapää, O. and Uutela, A. 1993.Iso-Naakkima, a circular
structure filled with Neoproterozoic sediments, Pieksämäki, southeastern Finland. Bulletin of the
Geological Society of Finland 65, part l, 3-30.

2) Sarapää, O., Kuivasaari, T., Niemelä, M., Pekkala, Y. and Reinikainen, J. Kaolin deposits in
the Virtasalmi area, southeastern Finland; geology, technical properties and possible uses. In: Pekkala,
Y. (ed.), The kaolin deposits in Finland. Geological Survey of Finland, Special Paper, in prep. 39 p.

3) Sarapää,O.GenesisandageoftheVirtasalmikaolindeposits,southeasternFinland. In:Pekkala,
Y. (ed.), The kaolin deposits of Finland. Geological Survey of Finland, Special Paper, in prep. 66 p.

Paper 1. Thispaperdescribes thelso-Naakkima
impact structure and its sedimentary rock sequence
and microfossils. It also gives a minimum age for
kaolinization in the Virtasalmi area.

During kaolin exploration by the GSF, an impact
crater filled with kaolinitic sediments was found in
the gravity low of Lake Iso-Naakkima, 8 km north-
west of the Montola kaolin deposit. The microfossil
assemblage of the kaolinitic sediments is as old as
Neoproterozoic (Late Riphean). The circular struc-
ture of Iso-Naakkima was first recognized on the
regional gravity map, as a minimum of -4 mGal
with a half-amplitude width of 2 km. The drilling
record covers a 100 m thick sequence of shale,
siltstone, quartz sandstone, kaolinitic clay and
conglomeratic sandstone. These unmetamorphosed
sedimentary rocks rest unconformably on a weath-
ered Paleoproterozoic mica gneiss. The Quater-
nary cover is 40 m thick. Planar deformation fea-
tures in the quartz of conglomeratic sandstone and
in the mica gneiss are the best evidence for shock
metamorphism. The kink banding of mica and the
occurrence of dike breccia in mica gneiss also point
to an impact. Much of the bedrock affected by the
impact has subsequently been eroded leaving only
minor traces of shock metamorphism.

Kaolinization in a warm and humid climate pre-
ceded the deposition of the Iso-Naakkima sediments
and probably continued during their sedimenta-
tion. This is indicated by the underlying weathered
basement and kaolinitic clay (507o kaolinite), pure
mature quartz-sandstone with minor white kaolin
interbeds, as well as kaolinite-bearing siltstone and
shales in the Iso-Naakkima sequence. The quartz-
sandstone and siltstone are interpreted as fluvial
sediments, and shales as transgressive lacustrine or
lagoonal deposits. The microfossil assemblage in

the sediments (sphaeromorphs of acritarchs) is from
Late Riphean (650- 1000 Ma). Postdepositional rela-
tive subsidence of the Iso-Naakkima basin pro-
tected the sequence from further erosion. The sub-
sidence and the nature of the sedimentary sequence
indicate that the sediments once covered a much
larger area.

The impact structure of Iso-Naakkima has been
recorded as the fourth oldest by Grieve et al. ( 1995).
Small impact structures of Precambrian age are
rare on the earth because they are prone to erosion.
In the Iso-Naakkima impact structure, kaolinitic
sediments, dated from microfossils as
Neoproterozoic, unconformably overlie weathered
Paleoproterozoic (1.9 Ga) mica gneiss, indicating
Proterozoic kaolinization.

Paper 2. This paper describes the kaolin depos-
its from the area of Virtasalmi, their geology, and
genesis, technical properties and possible uses.

The kaolin deposits at the Virtasalmi area,
Litmanen, Eteläkylä, Vuorijoki, Ukonkangas,
Montila, Niittylampi, Kahdeksaisiensuo, Hyväjärvi
and Montilanlampi, are located in a NW-trending,
20 km x 5 km zone. The kaolin deposits occur in
smoothly undulating terrain, where the erosion
surface of kaolin is 77 -93 m a.s.l. and the Quater-
nary overburden is 20-30 m thick.

The kaolin deposits were found by drilling and
from I .0 - 2.0 mGal gravity lows. They are mag-
netically neutral, but give a weak electrical anomaly
discernible on regional scale airborne electromag-
netic maps.

The kaolin deposits are hosted by quartz-feld-
spar gneiss, mica gneiss, amphibolite and tonalite,
and are often closely associated with metamorphic
carbonate rocks. The distribution of deposits is also
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the sediments (sphaeromorphs of acritarchs) is from 
Late Riphean (650-1 000 Ma). Postdepositional rela
tive subsidence of the Iso-Naakkima basin pro
tected the sequence from further erosion. The sub
sidence and the nature ofthe sedimentary sequence 
indicate that the sediments once covered a much 
larger area. 

The impact structure of lso-Naakkima has been 
recorded as the fourth oldest by Grieve et a1. (1995). 
Small impact structures of Precambrian age are 
rare on the earth because they are prone to erosion. 
In the Iso-Naakkima impact structure, kaolinitic 
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Neoproterozoic, unconformably overlie weathered 
Paleoproterozoic (1.9 Ga) mica gneiss, indicating 
Proterozoic kaolinization. 

Paper 2. This paper describes the kaolin depos
its from the area of Virtasalmi, their geology, and 
genesis, technical properties and possible uses. 
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Litmanen , Eteläky lä, Vuorijoki, Ukonkangas, 
Montila, Niittylampi, Kahdeksaisiensuo, Hyväjärvi 
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nary overburden is 20-30 m thick. 

The kaolin deposits were found by drilling and 
from 1.0 - 2.0 mGal gravity lows. They are mag
netically neutral , but gi ve a weak electrical anomaly 
discernible on regional scale airborne electromag
netic maps. 

The kaolin deposits are hosted by quartz-feld
spar gneiss, mica gneiss, amphibolite and tonalite, 
and are often closely associated with metamorphic 
carbonate rocks. The distribution of deposits is also 



controlled by the NW-trending Virtasalmi frac-
ture, apparently related to the Raahe-LadogaZone.
In the latter, tectonic movements have probably
occurred during younger orogenic events. The de-
posits are lenticular in shape, 0.5-2 km long, and

50-400 m wide. Their thickness averages 30-40
metres, but reaches over I 00 metres in some places.
The quality of kaolin reflects on the mineralogy of
the parent rock. White kaolin grades gradually into
quartz-feldspar gneiss or tonalite. Coloured kaolin
often derives from amphibolite or mica gneiss.

At Virtasalmi the mineral composition of quartz-
feldspar gneiss and tonalite is ideal for the forma-
tion of high quality kaolin. The plagioclase content
is high, about 507o, while the amounts of K-feld-
spar (5-107o) and mafic minerals (10-l5Vo) are
low. In contrast, the high content of mafic minerals
of the amphibolites favoured the formation of
coloured kaolin. The typical structural f'eatures of
the bedrock of the Virtasalmi area, such as steep

axial plane schistosity, banding and jointing, pro-
vided space for kaolinization solutions to perco-
late through the rocks.

White kaolin contains on average 40-15Vo
kaolinite, 20-30Va q\artz and some feldspar and
mica. Additional minerals in coloured kaolin are
goethite or haematite. Other staining components
in both kaolin types are ilmenite, anatase and
graphite. The < 20 pm and <2 pm fractions are

composed almost entirely of kaolinite and only
traces of quartz; smectite and illite have been

identified occasionally. The proportion of the <2
pm fraction in the kaolin deposits is 30Vo and that
of the <20 pm fraction 607o. The particle size
distribution of the < 20 pm fraction is quit similar
to that of imported filler grades. Because the < 20
pm fraction is pure kaolin, further grinding in-
creases the recovery of the coating grade kaolin (<
2 pm).The quality of processed white kaolin at

Virtasalmi meets the requirements of paper kaolin.
Comparison with commercial kaolin products
shows that some of the refined Virtasalmi kaolin
has an even better brightness than many commer-
cial kaolins, probably because of its lower iron
content. Further, the resources 18 Mt of white
kaolin are satisfactory. Both kaolin types could
also be used in ceramics.

Tectonic features have controlled both the gen-

esis and preservation of the Virtasalmi kaolins.
Fracturing opened cracks in the parent rocks for
kaolinizing agents. An exceptionally high kaolinite
content, a low iron content and the fact that the
deposits are thick indicate strong leaching over a

long period at several occasions.

Paper 3. This paper describes the mineralogy,
geochemistry, genesis and age of the Virtasalmi
kaolin deposits.

Material for the study was selected from the drill
cores of the Litmanen, Ukonkangas, Vuorijoki and

Eteläkylä deposits, which are the best known among
the deposits discovered at Virtasalmi. The kaolin
profiles developed from various rock types in eight
cross sections were studied. The transition from
kaolin into a parent rock is gradual and marked by
changes in texture, mineralogy and chemical com-
position. For example, the content of kaolinite
decreases and that of quartz increases with depth in
the kaolin profiles. This is strong evidence for the
residual origin of the kaolin. Frequently, the parent
rock texture has been well preserved in the kaolin.

The kaolin derived from quartz-f'eldspar gneiss

is white and consists of kaolinite and quartz.
Dioctahedral mica and feldspar may occur in the
basal part of the kaolin profile. Kaolin derived
fiom mica gneiss is either white, grey or coloured
and typical mineral assemblages are kaolinite-
quarrz,kaolinite-quartz-mica-(pyrite-graphite) and

kaolinite-quartz-goethite (rarely haematite), respec-
tively. Kaolin derived from amphibolite is mostly
coloured and consists of kaolinite, kaolinite-goethite
and, in the basal part of the kaolin profiles, kaolinite-
smectite. Kaolin derived from tonalite is mostly
white and consists of kaolinite and quartz. Small
amounts of ilmenite, anatase and pyrite are often
present in all kaolin types. The mineralogical com-
position is typical for a residual kaolin deposit;
hydrothermal kaolin minerals - halloysite, dickite
and nacrite - are totally lacking.

According to mass balance calculations, the
kaolinization process has been very intenseo be-
cause Mg, Ca, Na and K have been dissolved.
Losses of SiO, and Fe,O, are over 507o and707o of
the original amounts in the parent rock, and also
quartz has been partially dissolved. The volume
decrease is estimated to be 20-30Eo, even though
the texture ofthe parent rock has been retained. The
behaviour of major and trace elements, especially
that of the rare earth elements, is similar to that
described in recent weathering crusts, but differs
from hydrothermal deposits. The heavy rare earth
elements have been depleted over the light rare
earth elements in kaolin in relation to the parent
rock and enriched in the basal part of the weather-
ing profile. Mass balance calculations based on the
silica loss in the Eteläkylä deposit suggest that the
development of a 70 m thick kaolin deposit takes at

least about l5 million years in a warm and humid
climate. Comparison to other kaolin deposits in

controlled by the NW-trending Virtasalmi frac
ture, apparently related to the Raahe-Ladoga Zone. 
In the latter, tectonic movements have probably 
occurred during younger orogenic events. The de
posits are lenticular in shape, 0.5-2 km long, and 
50-400 m wide. Their thickness averages 30-40 
metres , but reaches over 100 metres in some places. 
The guality of kaolin reflects on the mineralogy of 
the parent rock. White kaolin grades gradually into 
guartz-feldspar gneiss or tonalite. Coloured kaolin 
often derives from amphibolite or mica gneiss . 

At Virtasalmi the mineral composition of guartz
feldspar gneiss and tonalite is ideal for the forma
tion ofhigh guality kaolin. The plagioclase content 
is high, about 50%, while the amounts of K-feld
spar (5-10%) and mafic minerals (10-15 %) are 
low. In contrast, the high content of mafic minerals 
of the amphibolites favoured the formation of 
coloured kaolin. The typical structural features of 
the bedrock of the Virtasalmi area, such as steep 
axial plane schistosity , banding and jointing, pro
vided space for kaolinization solutions to perco
late through the rocks . 

White kaolin contains on average 40-75 % 
kaolinite , 20-30% guartz and some feldspar and 
mica. Additional minerals in coloured kaolin are 
goethite or haematite. Other staining components 
in both kaolin types are ilmenite, anatase and 
graphite. The < 20 /J.m and <2 /J.m fractions are 
composed almost entirely of kaolinite and only 
traces of guartz; smectite and i11ite have been 
identified occasionally. The proportion of the <2 
/J.m fraction in the kaolin deposits is 30% and that 
of the <20 /J.m fraction 60%. The particle size 
distribution of the < 20 /J.m fraction is quit similar 
to that of imported filler grades. Because the < 20 
/J.m fraction is pure kaolin, further grinding in
creases the recovery of the coating grade kaolin « 
2 /J.m). The guality of processed white kaolin at 
Virtasalmi meets the requirements of paper kaolin. 
Comparison with commercial kaolin products 
show that some of the refined Virtasalmi kaolin 
has an even better brightness than many commer
cial kaolins, probably because of its lower iron 
content. Further, the resources 18 Mt of white 
kaolin are satisfactory. Both kaolin types could 
also be used in ceramics. 

Tectonic features have controlled both the gen
esis and preservation of the Virtasalmi kaolins. 
Fracturing opened cracks in the parent rocks for 
kaol inizi ng agents. An exceptionally high kaol inite 
content, a low iron content and the fact that the 
deposits are thick indicate strong leaching over a 
long period at several occasions. 

Paper 3. This paper describes the mineralogy, 
geochemistry , genesis and age of the Virtasalmi 
kaolin deposits. 

Material for the study was selected from the dri II 
cores ofthe Litmanen, Ukonkangas , Vuorijoki and 
Eteläkylä deposits, which are the best known among 
the deposits discovered at Virtasalmi. The kaolin 
profiles developed from various rock types in eight 
cross sections were studied. The transition from 
kaolin into a parent rock is gradual and marked by 
changes in texture, mineralogy and chemical com
position. For example, the content of kaolinite 
decreases and that of guartz increases with depth in 
the kaolin profiles. This is strong evidence for the 
residual origin ofthe kaolin. Freguently, the parent 
rock texture has been weil preserved in the kaolin. 

The kaolin derived from guartz-feldspar gneiss 
is white and consists of kaolinite and guartz . 
Dioctahedral mica and feldspar may occur in the 
basal part of the kaolin profile. Kaolin derived 
from mica gneiss is either white , grey or coloured 
and typical mineral assemblages are kaolinite
guartz, kaolinite-guartz-mica-(pyri te-graphite) and 
kaolinite-guartz-goethite (rarely haematite) , respec
tively. Kaolin derived from amphibolite is mostly 
coloured and consists ofkaolinite, kaolinite-goethite 
and, in the basal part ofthe kaolin profiles, kaolinite
smectite. Kaolin derived from tonalite is mostly 
white and consists of kaolinite and guartz. Small 
amounts of ilmenite, anatase and pyrite are often 
present in a11 kaolin types . The mineralogical com
position is typical for a residual kaolin deposit; 
hydrothermal kaolin minerals - halloysite , dickite 
and nacrite - are totally lacking. 

According to mass balance calculations, the 
kaolinization process has been very intense, be
cause Mg, Ca , Na and K have been dissolved. 
Losses of Si0

2 
and Fe
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0
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are over 50% and 70% of 

the original amounts in the parent rock, and also 
guartz has been partially dissolved. The volume 
decrease is estimated to be 20-30%, even though 
the texture ofthe parent rock has been retained. The 
behaviour of major and trace elements , especia11y 
that of the rare earth elements, is similar to that 
described in recent weathering crusts, but differs 
from hydrothermal deposits. The heavy rare earth 
elements have been depleted over the light rare 
earth elements in kaolin in relation to the parent 
rock and enriched in the basal part of the weather
ing profile. Mass balance calculations based on the 
silica loss in the Eteläkylä deposit suggest that the 
development of a 70 m thick kaolin deposit takes at 
least about 15 million years in a warm and humid 
climate. Comparison to other kaolin deposits in 
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Europe shows that the Virtasalmi kaolin deposits
are thicker, richer in kaolinite, higher in alumina
and lower in iron. Due to subsequent erosion, they
also cover smaller areas than the residual deposits
of Central Europe.

During the formation of the Virtasalmi kaolin
deposits, acidity of groundwater caused by oxida-
tion of sulphide minerals and solution of CO, in
water (HrCO, ), derived from the atmosphere with
a high concentration of CO, accelerated kaolinization
of aluminium-bearing silicates. A high content of
relatively decomposing plagioclase and a low
content of more stable K-feldspar resulted in the
high kaolinite content. The small amount of biotite
in quartz-feldspar gneiss, in turn, favoured a white
end product. Fractured gneisses with steep
schistosity and easily soluble carbonate rocks pro-
vided an ideal drainage system for intense leaching
and kaolinization, necessary for origin of a high

quality kaolin.
Independent isotopic and palaeontological data

suggest that the Virtasalmi kaolin deposits are
Proterozoic in age. The K-Ar age of authigenic
illite from the Litmanen kaolin is I 180 Ma.
Kaolinite-bearing sediments of the Iso-Naakkima
sequence that lie unconformably on the weathered
and kaolinized mica gneiss have a Neoproterozoic
(650-1000 Ma) microfossil assemblage. The
Mesoproterozoic kaolin was presumably covered
by Neoproteroterozoic sediments, which protected
it from subsequent Neoproterozoic glacial erosion
and later erosion for a long time. The intense
Mesozoic kaolinization may not have affected the
kaolins atVirtasalmi as they were buried by the
sedimentary cover. Most of the kaolins, except
those in deep fractures, were probably removed by
later erosion. The present deposits are only the
remnants of an extensive kaolinitic crust.

CONCLUDING DISCUSSION

The preservation of several kaolin deposits and
an unmetamorphosed sedimentary sequence in the
Virtasalmi area indicate that erosion has been
unusually weak in the study area during the last
1200 million years. During the last glaciation,
Virtasalmi was situated in the area of active ice
flow, but despite this the last glacial erosion did not
affect much the kaolin deposits in fractures. Kaolin
may have acted either as sliding surface, after the
loose upper part of the kaolin was removed during
several glacial cycles, or the kaolin deposits were
protected from erosion by older till layers and the
rock hills on their proximal side. (Lintinen 1995;
Nenonen 1995). The most prolonged periods of
glaciation in Earth history took place during the
Neoproterozoic, from which the closest example is
Varangertillite in northern Norway (Windley 1995).
At that time the intensity of erosion was presum-
ably strongest at Virtasalmi, however the kaolin
deposits were probably preserved in a downfaulted
block in which the Neoproterozoic sediments pro-
tected kaolin from erosion.

This is similar to the situation of kaolin deposits
in Central Europe, which are mostly preserved
under sedimentary cover in downfaulted blocks
(Störr et al. 1978; Kuzvart 1980). All kaolin depos-
its in the Virtasalmi area are found on the south-
western side of the Raahe-Lado gaZone, which may
represent a crustal block downfaulted during the
1.2-0.9 Ga Sveconorwegian orogeny, concurrent
with kaolinization at Virtasalmi. It is also possible
that some other blocks on the southwestern side of
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the Raahe-Ladoga Zone may have been similarly
downfaulted and thus have potential for the preser-
vation of kaolin.

Based on this study the following criteria and
methods are useful in exploration of areas with
good kaolin potential:

l) the occurrence of unmetamorphosed sedi-
mentary rocks or weathering crust (indicating low
intensity of erosion)

2) gently undulating terrain where fracture zones
are not directly visible (weathering products have
filled fractures, such terrains can be identified from
contour line maps)

3) favourable parent rock lithology (quartz-feld-
spar gneiss, tonalite) and structures (fractures,
jointing)

4) chemical composition of till (high Al, Ti, V,
Cr, Ni Cu, Ga and very low Mg, Ca, Na, K, Rb),
assuming that kaolin has mixed with till, which is
not the case at Virtasalmi

5) electromagnetic anomalies in deep gravity
lows (1-2 mGal)

Although kaolinite is a very common clay min-
eral, the development of a thick kaolin deposit
requires extraordinary conditions. Prolonged
kaolinization, favourable parent rock lithology,
high annual precipitation, warm climate and effi-
cient leaching may result in a deep kaolin crust
without humid acids. The Mesoproterozoic
kaolinization at Virtasalmi was clearly more thor-
ough than younger kaolinization events elsewhere
in Europe. In the Mesoproterozoic, the global cli-

Europe shows that the Virtasalmi kaolin deposits 
are thicker, richer in kaolinite, higher in alumina 
and lower in iron. Due to subsequent erosion, they 
also cover smaller areas than the residual deposits 
of Central Europe. 

During the formation of the Virtasalmi kaolin 
deposits, acidity of groundwater caused by oxida
tion of sulphide minerals and solution of CO
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accelerated kaoli nization 
of aluminium-bearing sillcates. A high content of 
relatively decomposing plagioclase and a low 
content of more stable K-feldspar resulted in the 
high kaolinite content. The small amount ofbiotite 
in quartz-feldspar gneiss, in turn, favoured a white 
end product. Fractured gneisses with steep 
schistosity and easily oluble carbonate rocks pro
vided an ideal drainage system for intense leaching 
and kaolinization, necessary for origin of a high 

quality kaolin. 
Independent isotopic and palaeontological data 

suggest that the Virtasalmi kaolin deposits are 
Proterozoic in age. The K-Ar age of authigenic 
illite from the Litmanen kaolin is 1180 Ma. 
Kaolinite-bearing sediments of the Iso-Naakkima 
sequence that Iie unconformably on the weathered 
and kaolinized mica gneiss have a Neoproterozoic 
(650-1000 Ma) microfossil assemblage. The 
Mesoproterozoic kaolin was presumably covered 
by Neoproteroterozoic sediments, which protected 
it from subsequent eoproterozoic glacial erosion 
and later erosion for a long time. The intense 
Mesozoic kaolinization may not have affected the 
kaolins atVirtasalmi as they were buried by the 
sedimentary cover. Most of the kaolins, except 
those in deep fractures, were probably removed by 
later erosion. The present deposits are only the 
remnants of an extensive kaolinitic crust. 

CONCLUDING DISCUSSION 

The preservation of several kaolin deposits and 
an unmetamorphosed sedimentary sequence in the 
Virtasalmi area indicate that erosion has been 
unusually weak in the study area during the last 
1200 million years. During the last glaciation , 
Virtasalmi was situated in the area of active ice 
flow, but despite this the last glacial erosion did not 
affect much thekaolin deposits in fractures. Kaolin 
may have acted either as sliding surface, after the 
loose upper part of the kaolin was removed during 
several glacial cycles, or the kaolin deposits were 
protected from erosion by older till layers and the 
rock hills on their proximal side. (Lintinen 1995; 
Nenonen 1995). The most prolonged periods of 
glaciation in Earth history took place during the 
Neoproterozoic, from wh ich the closest example is 
Varangertillite in northern Norway (Windley 1995). 
At that time the intensity of erosion was presum
ably strongest at Virtasalmi, however the kaolin 
deposits were probably preserved in a downfaulted 
block in which the Neoproterozoic sediments pro
tected kaolin from erosion. 

This is similar to the situation of kaolin deposits 
in Central Europe, which are mostly preserved 
under sedimentary cover in downfaulted blocks 
(Störr et al. 1978; Kuzvart 1980). All kaolin depos
its in the Virtasalmi area are found on the south
western side of the Raahe-Ladoga Zone, which may 
represent a crustal block downfaulted during the 
1.2-0.9 Ga Sveconorwegian orogeny, concurrent 
with kaolinization at Virtasalmi. lt is also possible 
that so me other blocks on the southwestern side of 
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the Raahe-Ladoga Zone may have been similarly 
downfaulted and thus have potential for the preser
vation of kaolin. 

Based on this study the following criteria and 
methods are useful in exploration of areas with 
good kaolin potential: 

1) the occurrence of unmetamorphosed sedi
mentary rocks or weathering crust (indicating low 
intensity of erosion) 

2) gently undulating terrain where fracture zones 
are not directly visible (weathering products have 
filled fractures, such terrains can be identified from 
contour line maps) 

3) favourable parent rock lithology (quartz-feld
spar gneiss, tonalite) and structures (fractures , 
jointing) 

4) chemical composition oftill (high AI, Ti, V, 
Cr, Ni Cu, Ga and very low Mg, Ca, Na, K, Rb), 
assuming that kaolin has mixed with till, which is 
not the case at Virtasalmi 

5) electromagnetic anomalies in deep gravity 
lows (1-2 mGal) 

Although kaolinite is a very common clay min
eral, the development of a thick kaolin deposit 
requires extraordinary conditions. Prolonged 
kaolinization, favourable parent rock lithology, 
high annual precipitation, warm climate and effi
cient leaching may result in a deep kaolin crust 
without humid acids. The Mesoproterozoic 
kaolinization at Virtasalmi was clearly more thor
ough than younger kaolinization events elsewhere 
in Europe. In the Mesoproterozoic, the global cl i-



mate was probably more favourable for extensive
kaolinization. The higher CO, levels of the ancient
atmosphere could have strengthened the green-
house effect (Kasting 1986; Holland 1993), and, at

Virtasalmi, acids generated by sulphide oxidation
also promoted deep weathering.

The kaolinization at Virtasalmi was followed by
downfaulting and sedimentation. An extensive
kaolinitic weathering crust on the southwestern
side of the Raahe-Ladoga Zone was covered by
Meso- and Neoproterozoic sediments derived from
adjacent uplands, which became the site of erosion.
The remnants of sediments are still in situ at the
Iso-Naakkima impact site and also at several other
places in southern Finland (Lappajärvi, Muhos,
Ladoga and Satakunta; Kohonen et al. 1993). The
Iso-Naakkima impact structure is probably roughly
contemporaneous with the main kaolinization stage
at Virtasalmi. The tentative paleomagnetic age of
the impact is 1.2 Ga, and that of the Iso-Naakkima
sediments 0.9-1.1 Ga (Järvelä et al. 1995). At
Virtasalmi, the buried kaolin deposits escaped ero-
sion for a long time, probably also from later
Carboniferous, Mesozoic and Tertiary kaolinization
events reported elsewhere in Europe (Störr et al.
19781 Bristow 1995).

The study suggests that the following events
took place at Virtasalmi after the Svecofennian
orogeny sequence (Fig. 1):

1) weathering, erosion and denudation of the
Svecofennian mountain belt and formation of a

peneplain ( I .9- 1.6 b.y. ago)
2) intensive Mesoproterozoic kaolinization

(main stage at ca. 1180 m.y. ago),
3) the Iso-Naakkima impact (1.2 b.y. ago)
4) weathering, erosion (impact breccia) and

deposition of fluvial quartz sands and kaolin at Iso-
Naakkima
5) downfaulting of the Virtasalmi area and the

sedimentation of clays of the Iso-Naakkima se-

quence (ca. 1.0 b.y. ago)
6) subsidence of the Iso-Naakkima basin -+
tilting of sediments
7) Cenozoic erosion of sediments and kaolin
8) deposition of Quaternary glacial till on the

kaolin

The main results of this study are:
l) the identification and interpretation of kao-

lin profiles, several tens to 100 metres thick, of
Mesoproterozoic age at Virtasalmi, and

2) recognition of a new impact structure at Iso-
Naakkima filled with kaolinite-bearing sediments
of Neoproterozoic ( 1000-650 Ma) age.

No high quality white primary kaolin deposits
of Mesoproterozoic age have been reported ear-
lier and therefore the Virtasalmi kaolin is among
the oldest soft kaolin deposits in the world - most
kaolin deposits in Europe are Mesozoic or
younger. To the author's knowledge, this is the
first time residual kaolin has been dated by the K/
Ar -method from illite that was formed during
the kaolinization. The Proterozoic age of
Virtasalmi kaolinization was confirmed by
stratigraphical observation of post impact
sediments in the Iso-Naakkima structure and it
also matches well with paleomagnetic data (cf.
Pesonen et al. 1989; Elming et al. 1993) that
suggest that Fennoscandia was then near the
Equator. So far the Meso- and Neoproterozoic
geological record in Finland has been very scarce.
This study sheds further light on the geological
evolution of Finland after the Mesoproterozoic.
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Fig. l. Schematic model of main events at Virtasalmi from
Mesoproterozoic to present. (not in scale).
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atmosphere could have strengthened the green
house effect (Kasting 1986; Holland 1993), and, at 
Virtasalmi, acids generated by sulphide oxidation 
also promoted deep weathering . 

The kaolinization at Virtasalmi was followed by 
downfaulting and sedimentation. An extensive 
kaolinitic weathering crnst on the southwestern 
side of the Raahe-Ladoga Zone was covered by 
Meso- and Neoproterozoic sediments derived from 
adjacent uplands, which became the site of erosion. 
The remnants of sediments are still in situ at the 
Iso-Naakkima impact site and also at several other 
places in southern Finland (Lappajärvi , Muhos , 
Ladoga and Satakunta; Kohonen et al. 1993). The 
Jso-Naakkima impact strncture is probably roughly 
contemporaneous with the main kaolinization stage 
at Virtasalmi. The tentative paleomagnetic age of 
the impact is 1.2 Ga, and that of the Iso-Naakkima 
sediments 0.9-1.1 Ga (Järvelä et al. 1995). At 
Virtasalmi , the buried kaolin deposits escaped ero
sion for a long time, probably also from later 
Carboniferous, Mesozoic and Tertiary kaolinization 
events reported elsewhere in Europe (Störr et al. 
1978; Bristow 1995). 

The study suggests that the following events 
took place at Virtasalmi after the Svecofennian 
orogeny sequence (Fig. 1): 

1) weathering, erosion and denudation of the 
Svecofennian mountain belt and formation of a 
peneplain (I .9-l.6 b.y. ago) 

2) i ntensi ve Mesoproterozoic kaolinization 
(main stage at ca. 1180 m.y. ago) , 

3) the Iso-Naakkima impact (1.2 b.y. ago) 
4) weathering, erosion (impact breccia) and 

deposition offluvial quartz sands and kaolin at Iso
Naakkima 
5) downfaulting of the Virtasalmi area and the 

sedimentation of clays of the Iso-Naakkima se
quence (ca. 1.0 b.y . ago) 

6) subsidence of the Iso-Naakkima basin -7 

tilting of sediments 
7) Cenozoic erosion of sediments and kaolin 
8) deposition of Quaternary glacial till on the 

kaolin 

The main results of this study are : 
1) the identification and interpretation of kao

lin profiles, several tens to 100 metres thick , of 
Mesoproterozoic age at Virtasalmi , and 

2) recognition of a new impact structure at Iso
Naakkima filled with kaolinite-bearing sediments 
of Neoproterozoic (1000-650 Ma) age. 

No high quality white primary kaolin deposits 
of Mesoproterozoic age have been reported ear
lier and therefore the Virtasalmi kaolin is among 
the oldest soft kaolin deposits in the world - most 
kaolin deposits in Europe are Mesozoic or 
younger. To the author's knowledge, this is the 
first time residual kaolin has been dated by the K/ 
Ar -method from illite that was formed during 
the kaolinization. The Proterozoic age of 
Virtasalmi kaolinization was confirmed by 
stratigraphical observation of post impact 
sediments in the Iso-Naakkima structure and it 
also matches weil with paleomagnetic data (cf. 
Pesonen et al. 1989; Elming et al. 1993) that 
suggest that Fennoscandia was then ne ar the 
Equator. So far the Meso- and Neoproterozoic 
geological record in Finland has been very SCal-ce. 
This study sheds further light on the geological 
evolution of Finland after the Mesoproterozoic . 
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TSO-NAAKK[MA, A CIRCULAR STRUCTURE FILLED WITH
NEOPROTEROZOIC SEDIMENTS, PIEKSAMAKI,

SOUTHEASTERN FINLAND
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OLLI and UUTELA, ANNELI 1993. Iso-Naakkima, a circular structure filled
with Neoptoterozoic sediments, Pieksämäki, southeastern Finland. Bull. Geol.
Soc. Finland 65, Part 1,3-30.

A circular Bouguer gravity anomaly with a minimum of -4.0 mGal and half-
amplitude width of 2 km was recognized at Lake Iso-Naakkima (62"11'N,
27"09'E), southeastern Finland. The gravity low is associated with subdued

aeromagnetic signature and notable airbome and ground electromagnetic anomalies

that indicate low bedrock resistivity.
The drilling record beneath therecent (Quatemary) glacial sediments,25-40 m

thick, reveals a 100 m thick sequence ofunmetamorphosed shale, siltstone, quartz
sandstone, kaolinitic clay and conglomeratic sandstone that rest on a weathered
mica gneiss basement. The upward fining sequence is characterized by red
colour, high kaolinite content, and tilted, distorted and brecciated beds. According
to the geophysical modelling the diameter of the whole basin is 3 km and that of
the sedimentary rocks 2 km, and the depth is 160 m.

Shock lamellas in quartz clasts of the basal conglomeratic sandstone, almost
omnipresent kink banding in micas of the rocks beneath the basin floor and the
occrurence of polymictic dike breccia in the underlying mica gneiss suggest
shock metamorphism. It was concluded that the basin originated by a meteorite
impact. However, the impact-generated rocks were subsequently eroded before
the sedimentation and only minor marks of shock metamorphism were preserved.

Lateritic weathering took place prior to deposition of the sediments. Quartz
sandstone and siltstone are interpreted as fluvial deposits and the thinly laminated
shales as transgressive lacustrine or lagoonal deposits. The microfossil assemblage
in the shale includes sphaeromorphs of acritarchs from Late Riphean
(Neoproterozoic).

Postdepositional subsidence of the Iso-Naakkima basin, shown by tilted
sediments, preserved the sequence from further erosion.

Key words: Bouguer anomaly, aeromagnetic anomaly, electromagnetic anomaly,
sedimentary rocks, sandstone, shale, clay, kaolinite, acritarchs, shock
metamorphism, meteorite impactcrater, Neoproterozoic, Riphean,Iso-Naakkima,
Pieksämäki. Finland.
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INTRODUCTION

During the regional gravity mapping programme
carried out by the Geological Survey of Finland
(GSF) in 1989 an almost circular Bouguer anomaly
minimum of -4.0 mGal was recognized at the
northeastern end of Lake Iso-Naakkima, ten
kilometers south of the town of Pieksämäki,
southeastern Finland (Fig. l). There is neither
indication of this circular structure on topographic
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Fig. 1. Location of site Iso-Naakkima and its relation
to the Riphean and Vendian sedimentary rocks and
possible impact structures in Finland.

maps nor satellite images.
The negative gravity anomaly arose interest as a

possible indication of a kaolin deposit. However,

Marni Lehtinen, Olli Saraptiö and Anneli Uutela

after more detailed geophysical measurements and
interpretations, a sediment-filled basin initially
originating from a meteorite impact was also
regarded as a possible explanation for the negative
gravity anomaly.

Since there are no bedrockoutcrops in the gravity
minimun area four holes were drilled by the GSF in
the area. Beneath a Quaternary cover,25 m - 40 m
thick, a sequence of unmetamorphosed sedimentary
rocks was discovered resting on weatheredbedrock
of Paleoproterozoic mica gneiss. Due to drilling
difficulties in soft sediments, only one hole, drilled
near the centre of the gravity minimum, penetrated
the sedimentary rock sequence.

In this paper, we describe the Iso-Naakkima
sedimentary rock sequence on the basis of drilling
and geophysical data. The sedimentary rocks, their
microfossils and shock-metamorphic features are
also described. The origin of the Iso-Naakkima
sedimentary basin is discussed.

In the present study Seppo Elo was responsible
forthe geophysical investigations andTapio Kuiva-
saari andOlli Sarapääforthe geological description
and interpretation of the sequence. Martti Lehtinen
examined the features related to shock metamorph-
ism and Anneli Uutela studied the microfossils.

GENERAL GEOLOGICAL SETTING

Topography around Lake Iso-Naakkima is rather
flat (l I I m - 125 m a.s.l.) with undulating long and
niurow moraine ridges or drumlins that trend NW-
SE. The same NW-SE trend can also be seen in a
chain of lakes, tens of kilometers long, including
Lake Iso-Naakkima in the area. The bedrock in the
vicinity of Lake Iso-Naakkima is covered with
Quaternary glaciogenic sediments and therefore
the nearest bedrock outcrops are more than three
kilometers from the centre of the gravity minimum.

The dominant rock in the study area is mica
gneiss with occasional amphibolite intercalations
and granitic veins (Vorma I 97 1). These supracrustal
rocks belong to the Svecokarelidic Savo schist belt
which underwent magmatism and folding between
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1930 - 1850 Ma (Vaasjoki and Sakko 1988).
The Iso-Naakkima structure is located at the

southwestern side of the tectono-metamorphic
Raahe - Ladoga zone. The zone is manifested by
multistaged fault and fracture systems which occur
in the NW - SE-oriented frameworkrunnins across
the country.

Remnants of ancient weathered crust have
escaped erosion in the area 8 km - 30 km SE ofthe
Iso-Naakkima structure. Here the GSF has found
in- situ typekaolin deposits. In some of these deposits
the kaolinization locally reaches a depth of 100 m.

GEOPHYSICAL INVESTIGATIONS

The Iso-Naakkima structure was first recognized
from the regional gravity maps (Elo 1989). The
sharp circular Bouguer anomaly (B.A.) minimum
looked extraordinary on the colour and grey scale
maps of 8.A., 2nd vertical derivate of B.A., and
horizontal gradient of B.A. The amplitude of the
B.A. minimum was about -4 mGal, and its half
amplitude width ca. 2 km. The regional gravity data
are presented here as a B.A. and so is its 2nd vertical
derivative map (Fig. 2) to indicate the striking
anomaly pattern.

The Bouguer anomaly minimum could be
associated with the following features on the
aerogeophysical maps. It can be seen on
aeromagnetic maps (Fig. 3 ) that magnetic anomalies
are subdued in the area of the gravity minimum.
Variable area representations (Fig. 4) of
aeroelectromagnetic (AEM) data show distinct
anomalies with in-phase/quadrature ratios close to
one indicating moderately conducting material in
the uppermost 100 m of the structure.

This kind of combination of geophysical
anomalies is typical of a class of simple meteorite
craters in glaciated Precambrian terraines (Lake
Sääksjärvi structure, Fig. l.; Elo et al. 1992) or to
basins of Mesoproterozoic or unmetamorphosed
sedimentary rocks, which may also be meteorite
impact sites, in the prevailing Paleoproterozoic and

Archean terraine (e.g. Lake Saarijärvi, Elo et al.

I 98 3 ). In either case, the structure is q uite uncommon
in Finland.

Since the bedrock is covered by thick overburden
the only way to sample the basin was by drilling.
Before drilling, two detailed gravity profiles were
measured and wide-band electromagnetic soundings
were carried out along the same profiles (Fig. 5). A
short description of the electromagnetic system is
given in Soininen andJokinen (1991). Afterdrilling,
petrophysical properties were measured from some

drill core samples (e.g. Table I ), and the geophysical
profiles were interpreted anew (Figs. 6 and 7).

The gravity minimum is mainly due to the low
density sedimentary rocks and the relatively thick
overburden. According to the porosity mea-
surements by Liisa Kivekäs at the petrophysical
laboratory of the GSF (see Kivekäs 1993 for
description of the method) the porosity of the host
rock directly beneath the sedimentary sequence is
about 2.9 + | .3 Vo,whichdiffers by less than one per
cent from the usual porosities of similar
Paleoproterozoic metamorphic rocks. Obviously,
the altered bedrock surrounding the sedimentary
rocks contributes to the gravity low. However, the
effect is very small and cannot be unambiguously
resolved from the gravity anomaly alone.

According to SAMPO wide-band electro-
magnetic soundings, the low resistivity layers (30 -

50 Wm and 140 - 150 Wm) extend to a depth of
about 150 metres. The less resistive layer (30 - 50
Wm) occurs at the basal part of the sedimentary
basin. Saline groundwater trapped into the bottom
part ofthe structure could well decrease resistivity,
but no direct evidence for that was obtained due to
the collapse of the lower part of the hole after the
drilling.

According to the geophysical interpretations,
together with the geological observations as

constraints, the Iso-Naakkima structure is centered
at latitude 62'11'N and longitude 27'O9'E. The
diameter and depth of the depression filled with
glacial overburden and Neoproterozoic sedimen-
tary rocks are 3.0 km and 140 m - 160 m respecti-
vely, and the diameter of the sedimentary fill is
about 2.0 km.
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1930 - 1850 Ma (Vaasjoki and Sakko 1988). 
The Iso-Naakkima structure is located at the 

southwestern side of the tectono-metamorphic 
Raahe - Ladoga zone. The zone is manifested by 
multistaged fault and fracture systems which occur 
in the NW - SE-oriented framework running across 
the country. 

Remnants of ancient weathered crust have 
escaped erosion in the area 8 km - 30 km SE of the 
Iso-Naakkima structure. Here the GSF has found 
in-situ type kaolin deposits. In some of these deposits 
the kaolinization locally reaches a depth of 100 m. 

GEOPHYSICAL INVESTIGATIONS 

The Iso-Naakkima structure was first recognized 
from the regional gravity maps (Elo 1989). The 
sharp circular Bouguer anomaly (B.A.) minimum 
looked extraordinary on the colour and grey scale 
maps of B.A., 2nd vertical derivate of B.A., and 
horizontal gradient of B.A. The amplitude of the 
B.A. minimum was about -4 mGal, and its half 
amplitude width ca. 2 km. The regional gravity data 
are presented here as a B.A. and so is its 2nd vertical 
derivative map (Fig. 2) to indicate the striking 
anomaly pattern. 

The Bouguer anomaly minimum could be 
associated with the following features · on the 
aerogeophysical maps. It can be seen on 
aeromagnetic maps (Fig. 3) that magnetic anomalies 
are subdued in the area of the gravity minimum. 
Variable area representations (Fig . 4) of 
aeroelectromagnetic (AEM) data show distinct 
anomalies with in-phase/quadrature ratios c10se to 
one indicating moderately conducting material in 
the uppermost 100 m of the structure. 

This kind of combination of geophysical 
anomalies is typical of a c1ass of simple meteorite 
craters in glaciated Precambrian terraines (Lake 
Sääksjärvi structure, Fig. 1.; Elo et al. 1992) or to 
basins of Mesoproterozoic or unmetamorphosed 
sedimentary rocks, which mayaiso be meteorite 
impact sites, in the prevailing Paleoproterozoic and 
Archean terraine (e.g. Lake Saarijärvi, Elo et al. 

1983). In eithercase, the structure is quite uncommon 
in Finland. 

Since the bedrock is covered by thick overburden 
the only way to sampie the basin was by drilling. 
Before drilling, two detailed gravity profiles were 
measured and wide-band electromagnetic soundings 
were carried out along the same profiles (Fig. 5). A 
short description of the electromagnetic system is 
gi yen in Soininen and J okinen ( 1991). After drilling, 
petrophysical properties were measured from some 
drill core sampies (e.g. Table 1), and the geophysical 
profiles were interpreted anew (Figs. 6 and 7). 

The gravity minimum is mainly due to the low 
density sedimentary rocks and the relatively thick 
overburden. According to the porosity mea
surements by Liisa Kivekäs at the petrophysical 
laboratory of the GSF (see Kivekäs 1993 for 
description of the method) the porosity of the host 
rock directly beneath the sedimentary sequence is 
about 2.9 + 1.3 %, which differs by less than one per 
cent from the usual porosities of similar 
Paleoproterozoic metamorphic rocks. Obviously, 
the altered bedrock surrounding the sedimentary 
rocks contributes to the gravity low. However, the 
effect is very small and cannot be unambiguously 
resolved from the gravity anomaly alone. 

According to SAMPO wide-band electro
magnetic soundings, the low resistivity layers (30 -
50 Wm and 140 - 150 Wm) extend to a depth of 
about 150 metres. The less resistive layer (30 - 50 
Wm) occurs at the basal part of the sedimentary 
basin. Saline groundwater trapped into the bottom 
part of the structure could well decrease resistivity, 
but no direct evidence for that was obtained due to 
the collapse of the lower part of the hole after the 
drilling. 

According to the geophysical interpretations, 
together with the geological observations as 
constraints, the Iso-Naakkima structure is centered 
at latitude 62°11 'N and longitude 27°09'E. The 
diameter and depth of the depression filled with 
glacial overburden and Neoproterozoic sedimen
tary rocks are 3.0 km and 140 m - 160 m respecti
vely, and the diameter of the sedimentary fill is 
about 2.0 km. 
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Fig. 2. A. Bouger anomaly
map of the Iso-Naakkima
area. Density 2670 kg/m3,
no terrain correction.
Average station spacing
0.5 km. Map area I0 km x
10 km.

Fig. 3. A. Total intensity
aeromagnetic map. Flight
elevation 40 m. Traverse
separation 200 m. Flight
direction E-W. Map area
I0 km x 10 km.
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Fig. 2. A. Bouger anomaly 
map ofthe Iso-Naakkima 
area. Density 2670 kg/m3

, 

no terrain correction. 
Average station spacing 
0.5 km. Map area 10 km x 
10 km. 

Fig. 3. A. Total intensity 
aeromagnetic map. Flight 
elevation 40 m. Traverse 
separation 200 m. Flight 
direction E- W. Map area 
10 kmx 10 km. 
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Fig.2. B.2ndvertical
derivate of Bouguer
anomaly w hic h e mphas ize s
the wavelengths from 1.2
km to 2.5 km of the original
anomaly.

Fig. 3. B. Horizontal
g radient of ae romagnetic
total intensity.
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Fig. 2. B. 2nd vertical 
derivate of Bouguer 
anomaly which emphasizes 
the wavelengthsfrom 1.2 
km to 2.5 km ofthe original 
anomaly. 

Fig. 3. B. Horizontal 
gradient of aeromagnetic 
total intensity. 
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DRILLINGS

Four holes were drilled in the area of the Iso-
Naakkima B.A. minimum (Fig. 8). Two of them

were done by ordinary diamond drilling, the other
two by a diamond drill with wireline-equipment.

The first drillhole (DH 382) was placed in the

central part of the Iso-Naakkimagravity minimum.
The drillhole penetrated a 35 m thick glacial
overburden which was followed by a series of
semicrinsolidated sedimentary rocks (shale,
sandstone and siltstone). The sedimentary rocks
were strongly tilted and the dip of bedding was 60o

- 80o. Due to technical difficulties the drilling
ceased at the depth of 97.4 m. The base of the
sedimentary rock sequence was not reached.

The second drillhole (DH 383) was made in the
northern border of the gravity minimum (Fig. 8).

Fig. 5. Locations of detailed gravity profiles GI-G|'
and G2-G2' and SAMPO wide-band electronagnetic
sounding profiles S I -S I' and 52-52'.
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DRILLINGS 

Four holes were drilled in the area of the Iso
Naakkima B.A. minimum (Fig. 8). Two of them 
were done by ordinary diamond drilling, the other 
two by a diamond drill with wireline-equipment. 

The first drillhole (DH 382) was placed in the 
central part of the Iso-N aakkima gravity minimum. 
The drillhole penetrated a 35 m thick glacial 
overburden which was followed by aseries of 
semiconsolidated sedimentary rocks (shale, 
sandstone and siltstone). The sedimentary rocks 
were strongly tilted and the dip ofbedding was 60° 
- 80°. Due to technical difficulties the drilling 
ceased at the depth of 97.4 m. The base of the 
sedimentary rock sequence was not reached. 

The second drillhole (DH 383) was made in the 
northem border of the gravity minimum (Fig. 8). 
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Fig. 5. Locations 0/ detailed gravity profiles G1-G1' 
and G2-G2' and 5AMPO wide-band electromagnetic 
sounding profiles 51-51' and 52-52'. 
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Table l. Petrophysical properties of the Iso-Naakkima
sedimentary rocks.

Drill- Depth
hole
(#) (m)

382 4r.6
382 70.0
382 90.0

384 78.2

384 102.4

385 1r 1.9

385 116.7

385 120.0

385 121.7

385 135.4

Density
(wet)
(kg/m3)

22r4
2272
2259

2350
2174
2328
2270
2370
2309
2257

Magnetic Remanent mag-
susceptibility netization
(SI/ 10-6) (A/m /10-3)

210
-30
140

ll0
-10

120

60
220
100

0

40
40
20

l0
l0
20
20

l0
l0
l0

Fig. 4. Variable area representations
of the aeroelectromagnetic data. A.
In-phase. B. Quadrature. Vertical
coplanar coil configuration. Coil
separation 2L36 m. Frequency jI I j
Hz. Flight elevation 40 m. Traverse
separation 200 m. Flight direction
E-W. Map area I0 km x 10 km. The
range of in-phase values on the map
is 6700 ppm, and that ofquadrature
values 3500 ppm.
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Table 1. Petrophysical properties of the Iso-N aakkima 
sedimentary rocks. 

Drill- Depth Density Magnetic Remanent mag-
hole (wet) susceptibility netization 
(#) (m) (kg/m3) (SI/IO-6) (Nm 110-3) 

382 41.6 2214 210 40 
382 70.0 2272 -30 40 
382 90.0 2259 140 20 
384 78.2 2350 110 10 
384 102.4 2174 -10 10 
385 111.9 2328 120 20 
385 116.7 2270 60 20 
385 120.0 2370 220 10 
385 121.7 2309 100 10 
385 135.4 2257 0 10 

~ """"'" ~~ 6904 

12500 PPM 

6894 
512 

Fig. 4. Variable area representations· 
ofthe aeroelectromagnetic data. A. 
ln-phase. B. Quadrature. Vertical 
coplanar coil configuration. Coil 
separation 21.36 m. Frequency 3113 
Hz. Flight elevation 40 m. Traverse 
separation 200 m. Flight direction 
E-W. Map area 10 kmx 10 km. The 
range of in-phase values on the map 
is 6700 ppm, and that of quadrature 
values 3500 ppm. 
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Fig. 6. A layer model interpretation
example of SAMPO wide-band
electromagnetic soundings at 2.1
km along the profile 52-52'. Dots
represent the measured values and
the curve the calculated values.
Courtesy of T. Jokinen and H.
Soininen.

sequence (siltstone, sandstone,
conglomerate) and reached the
weathered mica gneiss basement
at a depth of 141.5 m. The drilling
continued to a depth of 192.4 m.
The dip of bedding in the
sedimentary rocks was 30o.

ROCK DESCRIPTIONS

The stratigraphical column of the
Iso-Naakkima sequence is shown
in Figure 9. It is based on drill
cores of DH 384 and DH 385 and

the rocks are described starting
from the base of the sequence.

lpwer Proterozoic basement

Technical difficulties were again great and the
drilling was intemrpted at a depth of 54.9 m. At this
site the glacial overburden (25 m thick) was followed
by siltstone, quartz-sandstone and conglomerate.
Core recovery was only 197o.

The third drillhole (DH 384) was placed in the

central part of the Iso-Naakkimagravity minimum,
ca. 300 m NE from DH 382. The dip of the hole was
70o towards the SW. The thickness of the

Quarternary cover was 40 m, and the rest of the
sequence contained shale, siltstone and sandstone.

The drilling was stopped because of technical
reasons ät a depth of 102.4 m.

The fourth drillhole (DH 385) was vertical and

drilled at the same locality as DH 384. During the
first 100 metres only one cutting sample was taken,
The drillhole penetrated the sedimentary rock

Mica gneiss (DH 385, 192.4 m - 141.5 m)

The basement of the Iso-Naakkima sedimentary
sequence consists of mica gneiss. The core samples

show that the rock is veined gneiss, migmatized by
granite. The dominant minerals of the mica gneiss

are plagioclase, biotite and quartz and in places

almandine garnet.

The basal part (192.4 m - 150 m) of the drill core
consists of fresh but locally fractured mica gneiss.

A strongly brecciated rock occurs between I 89.85
m - 189.35 m and 158.8 m - 157.8 m. Breccia with
fragments of altered mica gneiss, granite and quartz,
and dark very fine-grained clasts in a black matrix
is interpreted as a dike breccia (Figs. l0 and 20).
The upper part of the mica gneiss (150 m - 142.1 m)
is reddish in colour and partly weathered and

brecciated. The weathering grade increases upward,
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APPARENT RESISTIVITY [nm] 
Fig. 6. A layer model interpretation 
exampte of 5AMPO wide-band 
electromagnetic so undings at 2.1 
km along the profile 52-52'. Dots 
represent the measured va lues and 
the curve the calculated values. 
Courtesy ofT. Jokinen and H. 
50ininen. 
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weathered mica gneiss basement 
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sedimentary rocks was 30° . 
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Technical difficulties were again great and the 
drilling was interrupted at a depth of 54.9 m. At this 
site the glacial overburden (25 m thick) was followed 
by siltstone, quartz-sandstone and conglomerate. 
Core recovery was only 19%. 

The third drillhole (DH 384) was placed in the 
central part ofthe Iso-Naakkimagravity minimum, 
ca. 300 m NE from DH 382. The dip of the hole was 
70° towards the SW. The thickness of the 
Quartemary cover was 40 m, and the rest of the 
sequence contained shale, siltstone and sandstone. 
The drilling was stopped because of technical 
reasons at a depth of 102.4 m. 

The fourth drillhole (DH 385) was vertical and 
drilled at the same locality as DH 384. During the 
first 100 metres only one cutting sampie was taken. 
The drill hole penetrated the sedimentary rock 

ROCK DESCRIPTIONS 

The stratigraphical column ofthe 
Iso-Naakkima sequence is shown 
in Figure 9. It is based on drill 
cores of DH 384 and DH 385 and 
the rocks are described starting 
from the base of the sequence. 

Lower Proterozoic basement 

Mica gneiss (DH 385, 192.4 m - 141.5 m) 

The basement of the Iso-N aakkima sedimentary 
sequence consists of mica gneiss. The core sampies 
show that the rock is veined gneiss, migmatized by 
granite. The dominant minerals of the mica gneiss 
are plagioelase, biotite and quartz and in places 
almandine gamet. 

The basal part (192.4 m - 150 m) of the drill core 
consists of fresh but locally fractured mica gneiss. 
A strongly brecciated rock occurs between 189.85 
m - 189.35 m and 158.8 m - 157.8 m. Breccia with 
fragments of altered mica gneiss, granite andquartz, 
and dark very fine-grained elasts in a black matrix 
is interpreted as a dike breccia (Figs. 10 and 20). 
The upper part of the mica gneiss (150 m - 142.1 m) 
is reddish in colour and partly weathered and 
brecciated. The weathering grade increases upward, 
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Fig.7. A. Bouguer anomaly proftles GI-GI'and G"-G2' (see Fig. 5) were interpreted by means of tvvo-
dimensional density models. Drill hole data was used as constraint. The thin curve corresponds to the values
interpolated from observed data, the thick curve to the calculated anomaly. The density 1950 kg/m3 refers to
glacial drift, 2250 kg/m3 sedimentary rocks, 2730 kg/m3 altered bedrock, and the density 2750 kg/m3 represents
normal bedrock.
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Fig. 7. A Bouguer anomaly profiles Cl-Cl' and C "-C2' (see Fig. 5) were interpreted by means oftwo
dimensional density models. Drill hole data was used as constraint. The thin curve corresponds to the values 
interpolatedfrom observed data, the thick curve 10 the calculated anomaly. The density 1950 kglm3 refers to 
glacial drift, 2250 kglm3 sedimentary rocks, 2730 kglm3 alte red bedrock, and the density 2750 kglm3 represents 
normal bedrock. 
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Ug.7_. P.ryl iltterpretatigry of,the SAMPO wide-band electromagnetic sounding profiles SI-SI'and S2-52'(see
Fig. 5) by T. Jokinen and H. Soininen. The most reliable result obtained is the low resistivitv layer at the bottom
of the sedimentary bqsin and,/or in the abered bedrock near the contact. Low resistivity is pVobäbty related to
increased porosity 9{ th9 rocks and high salinity of the groundwater. The separate low reiistivity ione observed
u.the_lower p_art of both profiles is an old structure outside the sedimentary basin. The distancös along the
SAM-PO profiles are counte-d from the,start of the corresponding gravity profiles. Note that the scale ol the S
profiles differs from that of the G profiles.
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Fig. 7. B. An interpretation of the SAMPO wide-band electromagnetic sounding profiles SI-SI' and S2-S2'( see 
Fig. 5) by T. Jokinen and H. Soininen. The most reliable result obtained is the low resistivity layer at the bottom 
of the sedimentary basin and/or in the alte red bedrock near the contact. Low resistivity is probably related to 
increased porosity of the rocks and high salinity of the groundwater. The separate low resistivity zone observed 
at the lower part of both profiles is an old structure outside the sedimentary basin. The distances along the 
SAMPO profiles are countedfrom the start ofthe corresponding gravity profiles. Note that the scale ofthe S 
profiles differs from that of the G profiles. 
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Fig. 8. Outlines of the Iso-Naal<kima structure based on the gravity map (shaded area), and locations of the
diamond drtil holes (DH 382 - DH 385) and drilling profiles.
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Fig. 8. Outlines ofthe Iso-Naakkima structure based on (he gravity map (shaded area), and locations ofthe 
diamond drill holes (DH 382 - DH 385) and drilling profiles. 
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generally 0.1 - l0 mm in diameter. A few bigger
pebbles (max 10 cm) of weathered mica gneiss are
present in the basal part of the unit. Some of the
clasts are highly spherical (Fig. l0). Over 9OVo of
the clasts are quartz. The rest of clasts consist of
potassium feldspar (microcline), kaolinitized mica
gneiss, altered granite and quartzite. The matrix
contains small quartz and feldspar clasts, kaolinite
and haematite. The contact with overlying quartz-
sandstone seems to be sharp, though there is some

core loss near the upper contact.

Quartz-sandstone (138.7 m - 138.2 m)

The quartz-sandstone is pale grey, indistinctly
bedded and moderately sorted (Fig. ll). Its grain
size ranges from 0.5 mm to 2 mm. The rounded

Fig. 9. Stratigraphy of the Iso-Naakkima sedimentary
formation based on drill holes DH 384 and DH 385.

and the plagioclase has been partly kaolinized and

the biotite altered to smectite and haematite.
The mica gneiss gradually passes upward to

reddish brown disintegrated saprolite (142.1 m -
I 4 I .5 m). However, the pri mary gneissose structure
is still locally preserved. The rockresembles breccia
and contains quartz and potassium feldspar
(microcline) fragments in a kaolinite, smectite,
biotite and haematite matrix.

Upper Proterozoic

Conglomeratic sandstone (141.5 m - 138.7 m)

The conglomeratic sandstone overlies saprolite
with a sharp contact (Fig. 9). The reddish grey,
concrete-like conglomeratic sandstone is massive
but heterogeneous, matrix-supported and poorly
sorted (Fig. I I, in the basal part). The amount of
matrix is nearly 5OVo. The clasts are rounded,

Fig. I I . Reddish conglomeratic sandstone, light grey
quartz-sandstone, yellow kaolinitic clay, and red
sibstone in DH 385, depth 141.5 -132.5 m. (Photo by
J. Väätöinen).
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Fig. 9. Stratigraphy ofthe Iso-Naakkima sedimentary 
formation based on drill holes DH 384 and DH 385. 

and the plagioelase has been partly kaolinized and 
the biotite altered to smectite and haematite. 

The mica gneiss gradually passes upward to 
reddish brown disintegrated saprolite (142.1 m -
141.5 m). However, the primary gneissose structure 
is stililocally preserved. The rock resembles breccia 
and contain.s quartz and potassium feldspar 
(microeline) fragments in a kaolinite, smectite, 
biotite and haematite matrix. 

Upper Proterozoie 

Conglomeratic sandstone (141.5 m - 138.7 m) 

The conglomeratic sandstone overlies saprolite 
with a sharp contact (Fig. 9). The reddish grey, 
concrete-like conglomeratic sandstone is massive 
but heterogeneous, matrix-supported and poorly 
sorted (Fig. 11 , in the basal part) . The amount of 
matrix is nearly 50%. The elasts are rounded, 

generally 0.1 - 10 mm in diameter. A few bigger 
pebbles (max 10 cm) of weathered mica gneiss are 
present in the basal part of the unit. Some of the 
elasts are highly spherical (Fig. 10). Over 90% of 
the elasts are quartz. The rest of elasts consist of 
potassium feldspar (microeline) , kaolinitized mica 
gneiss, altered granite and quartzite. The matrix 
contains small quartz and feldspar elasts, kaolinite 
and haematite. The contact with overlying quartz
sands tone seems to be sharp, though there is some 
core loss near the upper contact. 

Quartz-sandstone (138.7 m - 138.2 m) 

The quartz-sandstone is pale grey, indistinctly 
bedded and moderately sorted (Fig. 11). Its grain 
size ranges from 0.5 mm to 2 mm. The rounded 

Fig.11. Reddish conglomeratic sands tone, light grey 
quartz-sandstone, yellow kaolinitic clay, and red 
siltstone in DH 385, depth 141.5 -132.5 m. (Photo by 
1. Väätäinen). 
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quartz clasts are surrounded by a small amount of
kaolinite matrix, and a few thin kaolinitic clay
layers (1 - 3 cm) are also present. The sandstone
passes upwild into kaolinitic clay.

Kaolinitic clay (138.2 m - 135.6 m)

The kaolinitic clay is yellow, thinly laminated
(1 - 2 mm) and composed of equal amounts of
kaolinite and quartz (Fig. l l, in the middle). The

clay contains a few thin (l - 5 mm) sandy interbeds.
The upper contact of the unit is sharp.

Quartz-sandstone (135.6 m - 128.7 m)

The quartz-sandstone (Fig. ll, upper part) is
pale grey, bedded, and medium to coarse-grained

(0.3 - 2 mm) and moderately sorted. The coarse

clasts are rounded but clasts are subangular. Clasts
mostly consist of quartz but a few potassium

feldspar (microcline) clasts are also present. The
amount of the kaolinite-quartz matrix is small. The

rock contains some grey kaolinitic clay and red silty
interlayers (5 - 50 cm). The contact with the

overlying sandy siltstone is gradual.

Siltstone ,128;7 m- 102.4 m)

The structures in this bed range from massive to
laminated. The massive type is locally mottled with
haematite spots or brecciated in small scale in
places. The colour is mostly brownish red with
some grey massive sandy interbeds (5 - 40 cm
thick). Within the laminated parts red and grey

Vöötöinen).
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quartz elasts are surrounded by a small amount of 
kaolinite matrix, and a few thin kaolinitic elay 
layers (l - 3 cm) are also present. The sandstone 
passes upward into kaolinitic elay. 

Kaolinitic elay (138.2 m - 135.6 m) 

The kaolinitic elay is yellow, thinly laminated 
(1 - 2 mm) and composed of equal amounts of 
kaolinite and quartz (Fig. 11, in the middle). The 
elay contains a few thin (l - 5 mm) sandy interbeds. 
The upper contact of the unit is sharp. 

Quartz-sandstone (135.6 m - 128.7 m) 

The quartz-sandstone (Fig. 11, upper part) is 
pale grey, bedded, and medium to coarse-grained 

(0.3 - 2 mm) and moderately sorted. The coarse 
elasts are rounded but elasts are subangular. elasts 
mostly consist of quartz but a few potassium 
feldspar (microeline) elasts are also present. The 
amount of the kaolinite-quartz matrix is smalI. The 
rock contains some grey kaolinitic elay and red silty 
interlayers (5 - 50 cm). The contact with the 
overlying sandy siltstone is gradual. 

Siltstone (128'.7 m - 102.4 m) 

The structures in this bed range from massive to 
laminated. The massive type is locally mottled with 
haematite spots or brecciated in small scale in 
places. The colour is mostly brownish red with 
some grey massive sandy interbeds (5 - 40 cm 
thick). Within the larninated parts red and grey 

Fig.lO. Dike breccia and mica gneiss in DH 385, depth 189.60 m. (Photo by J. Väätäinen). 
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Fig. 12. Red laminated shale. Drill core DH 384, depth 83.50 m. (Photo by J. Väötöinen),

layers alternate. One greenish grey laminated beds
occur from I 17.4 m to 1 14.5 m. Ripple marks were
observed in this bed. The siltstone is composed of
quartz, potassium feldspar, kaolinite and some
muscovite.

Quartz-sandstone (DH 384, 102.8 m - 88.9 m)

There is a small gap, ca. l0 m, in observations
between the two drillholes DH 385 and 384 (see

Fig. 8). However, since the drill holes were made so

close to each other it is almost certain that the
siltstone passes upward into the quartz-sandstone.
The quartz-sandstone is pale grey, fine- to coarse-
grained, and cross-bedded in small scale. It contains
some potassium feldspar (microcline). The
sandstone passes first into a metre-thick layer of red
siltstone and finally into a red shale.

Red shale (88.9 m - 78.0 m)

The shale isbrownishred, massive and laminated
and locally brecciated. It is composed of kaolinite,
quartz, potassium feldspar and biotite (Fig. I 2).

Violet shale (78.0 m - 42.8 m)

The violet shale is fissile and thinly laminated.
The shale is in places bent and distorted or brecciated.
Three hard massive quartz-sandstone interbeds (5 -
l0 cm thick) cemented by carbonate occur in the
soft shale with sharp but conformable contacts.
Two dense sandstone pebbles (2 cm in diameter)
embedded in the shale with distorted laminations at
a depth of 69.0 m (Fig. I 3). The dominant minerals
of the violet shale are qtartz, kaolinite, muscovite
and potassium feldspar. Thin fissure fillings and
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Fig. 12. Red laminated shale. Drill core DH 384, depth 83.50 m. (Photo by J. Väätäinen). 

layers alternate. One greenish grey laminated beds 
occur from 117.4 m to 114.5 m. Ripple marks were 
observed in this bed. The siltstone is composed of 
quartz, potassium feldspar, kaolinite and some 
muscovite. 

Quartz-sandstone (DH 384, 102.8 m - 88.9 m) 

There is a small gap, ca. 10m, in observations 
between the two drillholes DH 385 and 384 (see 
Fig. 8). However, since the drill holes were made so 
close to each other it is almost certain that the 
siltstone passes upward into the quartz-sandstone. 
The quartz-sandstone is pale grey, fine- to coarse
grained, and cross-bedded in small scale. It contains 
some potassium feldspar (microcline) . The 
sandstone passes first into a metre-thick layerof red 
siltstone and finally into a red shale. 

Red shale (88.9 m - 78.0 m) 

The shale is brownish red, massi ve and larninated 
and locally brecciated. It is composed of kaolinite, 
quartz, potassium feldspar and biotite (Fig. 12). 

Violet shale (78.0 m - 42.8 m) 

The violet shale is fissile and thinly laminated. 
The shale is in places bent and distorted or brecciated. 
Three hard massive quartz-sandstone interbeds (5 -
10 cm thick) cemented by carbonate occur in the 
soft shale with sharp but conformable contacts. 
Two den se sandstone pebbles (2 cm in diameter) 
embedded in the shale with distorted larninations at 
a depth of 69.0 m (Fig. 13). The dominant minerals 
of the violet shale are quartz, kaolinite, muscovite 
and potassium feldspar. Thin fissure fillings and 
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layers (up to 3 cm thick) of carbonate are also
common in the rock.

The whole Iso-Naakkima sedimentaqr sequence

is characterized by upward fining sedimentary cycles
from sand to clay. This trend can be easily seen
from the variation of clay content of the sedimentary
rocks (Fig. 14).

X-ray diffraction (XRD) results show that
kaolinite is the dominant clay mineral (Fie. 15). A
small amount of smectite is also occasionally
present. On the basis of optical microscopy and

XRD studies, muscovite andbiotite are common in
both the siltstone and the shale. The content of
potassium feldspar (mostly microcline) in the
siltstone and the shale is relatively high, lOVo - 3OVo .

Chemical analyses show that sodium content is
very low in allrocktypes excluding micagneiss and

dike breccia. Magnesium and calcium are low in
kaolinitic clay, sandstone and siltstone but rises in
shale because the amount of carbonate increases.

Kaolinitic clay and shales are rich in aluminium.
Chemical analyses also show thatquartz sandstones

are chemically pure rocks (Table

2). The high kaolinite content
and weathering index (CIA)
indicate that chemical weathering
has been rather intense. The CIA
index forthe Iso-Naakkima shale

is over 80 which is similar to that
of residual clays in the work of
Nesbitt and Young (1982) and

much higher than ClA-index (65)
for the average shale in Muhos
formation (Simonen and Kouvo
1954, Table 5). The colourofthe
sedimentary rocks of Iso-
Naakkima is mostly red,
obviously due to the high Fe,O./
FeO ratio.

SEDIMENTARY
ENVIRONMENT

In the East European platform,
Riphean sediments were
accumulated usually in a

continental enviroment: in river
valleys, lakes and deltas situated
in isolated depressions and

Fig.I3. Thinly laminated violet
shale. distorted laminations and
pebble s re sembling dropstone s.
DH 384, depth 69.00 m. (Photo by
J. Vöötäinen).
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layers (up to 3 cm thick) of carbonate are also 
common in the rock. 

The whole Iso- aakkima sedimentary sequence 
is characterized by upward fining sedimentary cycles 
from sand to clay. This trend can be easily seen 
from the variation of clay content of the sedimentary 
rocks (Fig. 14). 

X-ray diffraction (XRD) results show that 
kaolinite is the dominant clay mineral (Fig. 15). A 
small amount of smectite is also occasionally 
present. On the basis of optical microscopy and 

XRD studies, muscovite and biotite are common in 
both the siltstone and the shale. The content of 
potassium feldspar (mostly microcline) in the 
siltstone and the shale is relatively high, 10% - 30%. 

Chemical analyses show that sodium content is 
very low in all rock types excluding mica gneiss and 
dike breccia. Magnesium and calcium are low in 
kaolinitic clay, sandstone and siltstone but rises in 
shale because the amount of carbonate increases. 
Kaolinitic clay and shales are rich in aluminium. 
Chemical analyses also show that quartz sandstones 

are chemically pure rocks (Table 
2) . The high kaolinite content 
and weathering index (CIA) 
indicate that chemical weathering 
has been rather intense. The CIA 
index forthe Iso-N aakkima shale 
is over 80 which is similar to that 
of residual clays in the work of 
Nesbitt and Young (1982) and 
much higherthan CIA-index (65) 
for the average shale in Muhos 
formation (Simonen and Kouvo 
1954, Table 5). The colour of the 
sedimentary rocks of Iso
Naakkima is mostly red, 
obviously due to the high Fepi 
FeO ratio. 

SEDIMENTARY 
ENVIRONMENT 

In the East European platform, 
Riphean sediments were 
accumulated usually in a 
continental enviroment; in river 
valleys, lakes and deltas situated 
in isolated depressions and 

Fig.J3. Thinly laminated violet 
shale, distorted laminations and 
pebbles resembling drops tones. 
DH 384, depth 69.00 m. (Photo by 
J. Väätäinen). 
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grabens, which were surrounded by northeast or
northwest trending fracture zones (Salop 1983).
The nearest examples are grabens of Ladoga, Mu-
hos and Satakunta (Simonen 1980; Kohonen et al.
1993). Peneplanized land, hot humid climate, and
abundance of carbon dioxide and oxygen in the
atmosphere promoted intense weathering. Red beds
are exceptionally widespread among the Late

Riphean sediments (Salop 1983).

The Late Riphean Iso-Naakkima sediments were
deposited unconformably on weathered Pa-
leoproterozoic mica gneiss. Kaolinization of
plagioclase, formation of haematite and loss of Mg,
Ca and Na in saprolite are evidence of chemical
weathering in oxidizing conditions (Table 2, cf.
Loughnan 1969). Only the basal part of saprolite

Table 2. Chemical analyses (XRF method, made at the GSF) of tho rocks from the drill cores
DH 384 and DH 385.

Rocks: vsh = violet shale, RSh = red shale, ss = sandstone, slst = siltstone, Kaoc =
kaolinitic clay, sapr = saprolite, wMgn = weathered mica gneisg Mgr = mica gnoiss, Dbx =
dike breccia. Total iron for Dbx (189.a m) as FerO..
CIA = chemical index of alteration (Nesbitt & Young 1982)

Dh 384 Dh 385

Roct vish vsh vsh RSh RSh $ Slst Slsl Slst skr Se Km Srpr äVMgn It{gn DbI

Deplh {tA 55S 705 815 t&4 1ü9 Lanß lrrt 116,4 ,;2aß ß4A llt.6 1,11,6 143,1 1792 lst/|
$o, *6 53.t vß 529 55.1 9.44 vt 7L4 at'' 74J n:f 503 6t.0 6t2 543 504

Tlo, I 't LO I LO 2 j a .6 J 3 LO .3 6 3 t2
ALO, NJ t6ß 1!D3 AJ zzs ut at,' l3:t 9.6 l:2fi 4A 23.4 t4.l 15.9 t7s 15.6

FcrO, {,5 3.t 4t &1 G7 JI 19 3.O a t,4 2 9.t 6.t 5.1 2.1 tol
FeO 2,O 1,7 zl I 2 5 1.0 .6 A 3 .4 l.d 2.5 60

MrO J , .1 ,0 .0 .0 .0 .( .0 o .o .o .0 .1 .1 J

Mgo 1.8 3.4 2"1 t-0 1.0 .0 .6 I A .1 J LO 2,1 .l"t 95

CaO 3 3.E 2,2 2 .1 J A .1 ,1 .1 .o a 2 2 13 5

Ne.O J ,o .0 .o ,o JI .1 .t ,1 J .o ,0 .0 .o 1.9 1.1

r2o 47 3.9 ,t3 3.3 t2 ut 33 {{ t.5 t2 I.3 L6 +1 5S 4.4 3.?

Ptot J .1 .l T .l o .{ J .0 J- s , .1 J J 3
Ep 7,t 6.0 7.2 &2 7.) 3 3.( tut za 40 L7 10.4 {t 4.6 4.0

cot z6 62 3.5 2 2 A 3 J, , 2 , 2 I 5
s J J ,o .0 o .o o .0 .0 .0 J .0 .o .o .9 2

TSIAL tvz 101 ltl na tß' ,92 992 ,ttA 993 ,'A 9!r1 99.4 9t3 t&9 99,6 v39

CIA Tr,4 Trrs E0,2 tda t5.7 65 744 745 rua 76,0 754 88,1 749 70J (il,o 693
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Table 2. Chemical analyses (XRF method, made at the GSF) of the rocks from the drill cores 
DH 384 and DH 385. 

Db384 Db385 

Rock VSh VSh VSh RSh RSh Ss Slsl Slsl SIst Sbl Ss Kaoc Sapr WMen Mgn Dbx 

Depth 47.4 55.8 70.5 81.5 88.4 101.9 107.6 112.8 116.4 128.0 134.8 137.6 141.6 143.4 179.2 189.4 
----- --- ---- --- --- --- ---- ---- ---- - --- --- --- -_.> --- ---- --- ----
SiO, 56.6 53.9 54.6 52.9 55.1 94.8 77.4 71.4 SO.7 74.7 90.7 50.3 64.0 6L2 54.3 SO.4 

TiO , .9 .8 1.0 .9 1.0 .2 .7 .8 .6 .7 .3 1.0 .5 .6 .8 1.2 

AJ,0, 20.1 16.6 19.3 22.1 22.5 2.2 10.7 13.7 9.6 U.O 4.8 23.4 14.1 153 17.5 15.6 

Fe,O, 4.5 3.9 4.3 8.1 6.7 .0 1.9 3.0 .8 3.4 .2 9.8 6.8 5.1 2.1 10.7 

FeO 2.0 1.7 2.1 .7 .7 .2 .5 1.0 .6 .4 .3 .4 1.4 2.5 6.0 . 
MnO .0 .2 .1 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 • 1 .1 .1 

MgO 1.8 3.4 2.1 .LO 1.0 .0 .6 .7 .4 .5 .1 .7 2.0 2.4 4.8 9.5 

caO .3 3.8 2.2 .2 .1 .0 .4 .1 .1 .1 .0 .2 .2 .2 1.3 .6 

Na,O .1 .0 .0 .0 .0 .0 .1 .1 .1 .1 .0 .0 .0 .0 L9 1.1 

K,O 4.7 3.9 4.3 3.3 3.2 1.3 3.3 4.0 3.5 3.2 L3 2.6 4.1 5.8 4.4 3.7 

P,O. .0 .1 .1 .1 .1 .0 .0 .1 .0 .1 .0 .2 .1 .1 .1 .3 

H,O 7.8 6.0 7.2 8.2 7.9 .3 3.0 4.2 2.6 4.0 L7 10.4 4.7 4.6 4.0 . 
CO, 2.6 6.2 3.5 .2 .2 .2 .4 .3 .2 .2 .2 .2 .2 .2 .7 .5 

S .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .1 .0 .0 .0 .9 .2 

TOTAL 102 101 101 97.8 98.6 99.2 99.2 99A 99.3 99.4 99.7 99.4 98.3 98.9 99.6 93.9 

CIA 79.4 79.5 SO.2 84.8 85.7 60.6 74.4 74.5 70.8 76.0 76.8 88.1 74.9 70.7 63.0 69.3 

Rocks: VSh = violet shale, RSh = red shale, Ss = sandstone, Slst = siltstone, Kaoc = 
kaolinitic clay, Sapr = saprolite, WMgn = weathered mica gneiss, Mgn = mica gneiss, Dbx = 
dike breccia. Total iron for Dbx (189.4 m) as Fe2D3• 

CIA = chemical index of alteration (Nesbitt & Young 1982) 

grabens, which were sUITounded by northeast or 
northwest trending fracture zones (Salop 1983). 
The nearest ex am pIes are grabens of Ladoga, Mu· 
hos and Satakunta (Simonen 1980; Kohonen et al. 
1993). Peneplanized land, hot humid c1imate, and 
abundance of carbon dioxide and oxygen in the 
atmosphere pro mo ted intense weathering. Red beds 
are exceptionally widespread among the Late 

Riphean sediments (Salop 1983). 
The Late Riphean Iso-Naakkima sediments were 

deposited unconformably on weathered Pa
leoproterozoic mica gneiss. Kaolinization of 
plagioc1ase, formation ofhaematite and loss of Mg, 
Ca and Na in saprolite are evidence of chemical 
weathering in oxidizing conditions (Table 2, cf. 
Loughnan 1969). Dnly the basal part of saprolite 
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has been preserved from erosion. Kaolinitic clay
and high kaolinite content in sediments (cf. Störr er

al. 197 8), moderately high ClA-indexes (cf. Nesbitt
and Young 1982), and pure quartz sandstones (cf.
Franzinelli and Potter 1983) indicate that lateritic
weathering took place in a warm and humid climate.

Kaolinized mica gneiss pebbles in conglomeratic
sandstone show that kaolinization started before

sedimentation. High kaolinite content in shale and

a paucity of smectite prove that the provenance of
sediments was continental and indicate that
sediments accumulated in a continental environment

or near the shoreline, because kaolinite usually
decreased with increasing distance from shore

(Millot 1970; Chamley 1989).

The Iso-Naakkima sequence is ca. 100 metres

thick, of which about TOVo is composed of fine
sediments; silt and clay. The whole sequence fines

upwards and includes at least three cycles. Upward
fining cycles occur for instance in braided and

meandering riverdeposits (Allen 1970; Selley 1970;

Collison I 986), and some near shoreline (tidal flaO

deposits (Selley 1970; Elliot 1986). The sequence

can also be caused by tectonic movement
(subsidence of basin) or sea-level variation
(transgression, Reading 1986). A thick deposit of
laminated clay (shale) in the Iso-Naakkima sequence

suggests accumulation in a rather deep basin.

The following facies interpretation is tentative
because some primary structures are very difficult
to identify from drill cores.

In the Iso-Naakkima sequence matrix-supported
conglomeratic sandstone is composed of slightly
reworked saprolitic material. This poorly sorted

rock could have originated from a debris flow.

Quartz sandstone is typically moderately sorted,

rounded, medium- to coarse-grained with kaolinitic
clay interbeds and chips. Siltstone is red, massive,

laminated, disturbed or rippled rock with sandy and

clay interbeds. The primary features of both rock
types fit a river (meandering river or perhaps delta)

than shoreline deposit (cf. Selley 1970; Pettijohn
1975; Collinson 1986). In ameanderingriversystem,

quartz sandstone represents ancient channel floor
and point bar deposits, and finer sediments

1

1

1

1

40 60

CLAY CONTENT %

Fig.14. Variation of clay content in the Iso-Naakkima
sedimentary rocks shows upward-fining trend.
Determined by the Sedigraph particle analyzer
(Micrometrics 5000 D) at the GSF.

floodplain deposits.

Red and violet laminated, fissile shales were

originally accumulated as clay in a rather deep,

quiet, isolated basin; a lake or lagoon, where

depositional conditions were transgressive as a
result of basin subsidence. The missing of cyclicity
in laminations (Selley 1970; Allen and Collison

%

@nm ou^iE IUrcffi (+to*m arotrE gEcttE 4crl

Ssan<lstone lrln{one Ismte Ifaottnruc day

Fig.15. Mineral composition of the Iso-Naakkima
sedimentary rocks determined by the Philips X-ray
diffracrometer (PW 1730) at the GSF and by the point-
c ounting method ( sandstone s ).
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has been preserved from erosion. Kaolinitic clay 4urL-------------------, 

and high kaolinite content in sediments (cf. Störr et 50 

al. 1978), moderate1y high CIA-indexes (cf. Nesbitt 60 

and Young 1982), and pure quartz sandstones (cf. 70 

Franzinelli and Potter 1983) indicate that lateritic 
weathering took place in a warm and humid climate. 

Kaolinized mica gneiss pebb1es in conglomeratic 
sandstone show that kaolinization started be fore 
sedimentation. High kaolinite content in shale and 
a paucity of smectite prove that the provenance of 
sediments was continental and indicate that 
sediments accumulated in a continental environment 
or near the shoreline, because kaolinite usually 
decreased with increasing distance from shore 
(Millot 1970; Chamley 1989). 

The Iso-Naakkima sequence is ca. 100 metres 
thick, of which about 70% is composed of fine 
sediments; silt and clay. The who1e sequence fines 
upwards and includes at least three cycles. Upward 
fining cycles occur for instance in braided and 
meandering riverdeposits (Allen 1970; Selley 1970; 
Collison 1986), and so me near shoreline (tidal flat) 
deposits (Selley 1970; Elliot 1986). The sequence 
can also be caused by tee tonic movement 
(subsidence of basin) or sea-level variation 
(transgression, Reading 1986). A thick deposit of 
laminated clay (sha1e) in the Iso-N aakkima sequence 
suggests accumulation in a rather deep basin. 

The following facies interpretation is tentative 
because some primary structures are very difficult 
to identify from drill cores. 

In the Iso-N aakkima sequence matrix -supported 
conglomeratic sandstone is composed of slightly 
reworked saprolitic material. This poorly sorted 
rock could have originated from a debris flow. 

Quartz sandstone is typically moderate1y sorted, 
rounded, medium- to coarse-grained with kaolinitic 
clay interbeds and chips. Siltstone is red, massive, 
laminated, disturbed or rippled rock with sandy and 
clay interbeds. The primary features of both rock 
types fit a river (meandering river or perhaps delta) 
than shoreline deposit (cf. Selley 1970; Pettijohn 
1975; Collinson 1986). In a meandering river system, 
quartz sandstone represents ancient channel floor 
and point bar deposits, and finer sediments 
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Fig.14. Variation 01 day content in the lso-Naakkima 
sedimentary rocks shows upwardjining trend. 
Determined by the Sedigraph partide analyzer 
(Micrometrics 5000 D) at the GSF. 

floodplain deposits. 
Red and violet laminated, fissile shales were 

originally accumulated as c1ay in a rather deep, 
quiet, isolated basin; a lake or lagoon, where 
depositional conditions were transgressive as a 
result ofbasin subsidence. The rnissing of cyclicity 
in laminations (Selley 1970; Allen and Collison 

% 
100,------------ -----, 

80 

60 

KAOl.I NIT! QUAATZ MUIICOVIT'E K-I"IELDSPAR BIOTin SMECTITE CALClTf 

I: sandstone • slltstone • shale • kaollnlt lc clay 

Fig.15. Mineral composition 01 the lso-Naakkima 
sedimentary rocks determined by the Philips X-ray 
dijfractometer (PW 1730) at the GSF and by the point
counting method ( sandstones). 
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Fig.l6. Congktmeratic sandstone with rounded quartz.clastsfull of planar deformationfeatures (PDFs). DH 385,
depth l4l .3 5 m. Crossed polars. The horizontal edge of the figure is I .7 mm.

,.t

Fig.l7. Quort:clast with PDFs (mostly planarfractures)parallel to (0001). DH 385, depth 111.35 m. Crosssed
polars. The hori:.ontal edge of the Jigure is 0.69 mm-

.. uit;t.d
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Fig.16. Conglomeratic sandstone with rounded quartz elasts fuli of planar deformation features (PDFs). DH 385, 
depth 141.35111. Crossed po/ars. The horizontal edge ofthefigure is 1.7 mm. 

Fig. 1 7. Quart~ elast with PDFs (l11ost/y p/anar fractures) paral/e/to (000/). DH 385, depth 14/.35111. Crosssed 
po/ars. The hori~Ollla/ edge ofthe Jigure is 0.69 111m. 
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1986) and the microfossil assemblage (see below)
indicate that a lagoon is more feasible than a lake
environment.

Tilted, brecciated and distorted layers in
sedimentary rocks indicate postdepositional
subsidence of the Iso-Naakkima basin, which
obviously preserved the sediments from later
erosion.

EVIDENCE OF SHOCK
METAMORPHISM

The shock-metamorphic features observed in certain
Iso-Naakkima rocks are of a fundamental nature
when the origin of the structure is considered. At
Iso-Naakkima, the evidence of shock metamorphism
includes planar deformation features in quartz,
kink bands in micas (biotite and muscovite) and the
occurence of polymictic dike breccia.

Planar deformation features in quartz

The best-developed shock-metamorphic features
in the Iso-Naakkima rocks are observed in the
quartz of the matrix-supported conglomeratic
sandstone from DH 385 at a depth of 141.35 m. At
this level the rock is reddish grey in colour and
contains some angular clasts of mica gneiss and
siltstone up to 2.5 cm in diameter.

In thin section, all the larger quartz clasts are
well-rounded or rounded and full of planar
deformation features (PDFs) (Figs. 16 - l8). The
dominant feature of the Iso-Naakkima quartz with
PDFs is, in this and the other rocks. too. that most
of them are planar fractures and parallel or
subparallel to (0001). There are, so far, no accurate
measurements with universal stage techniques but
the measured (estimated) steep angles to the c-axrs
of quartz (ca. 50" and 90') seem to indicate PDFs

JJ

Iso-Naakkima, a circular sructure filled with Neoproterozoie sediments, Pieksämäki, southeastern Finland 21 

Fig. 18. Part of the quartz elast in Fig. /7 showing PDFs. See text for details. Crossed polars. The horizontal 
edge of the figure is 0.42 mm. 

1986) and the microfossil assemblage (see below) 
indicate that a lagoon is more feasible than a lake 
environment. 

Tilted, brecciated and distorted layers in 
sedimentary rocks indicate postdepositional 
subsidence of the Iso-Naakkima basin, which 
obviously preserved the sediments from later 
erosion. 

EVIDENCE OF SHOCK 
METAMORPIDSM 

The shock -metamorphic features observed in certain 
Iso-Naakkima rocks are of a fundamental nature 
when the origin of the structure is considered. At 
Iso-N aakki ma, the evidence of shock metamorphism 
includes planar deformation features in quartz, 
kink bands in micas (biotite and muscovite) and the 
occurrence of polymictic dike breccia. 

Planar deformation features in quartz 

The best-developed shock-metamorphic features 
in the Iso-Naakkima rocks are observed in the 
quartz of the matrix-supported conglomeratic 
sands tone from DH 385 at a depth of 141.35 m. At 
this level the rock is reddish grey in colour and 
contains so me angular elasts of mica gneiss and 
siltstone up to 2.5 cm in diameter. 

In thin section, all the larger quartz cl asts are 
well-rounded or rounded and full of planar 
deformation features (PDFs) (Figs. 16 - 18). The 
dominant feature of the Iso-Naakkima quartz with 
PDFs is, in this and the other rocks, too, that most 
of them are planar fractures and parallel or 
subparallel to (0001). There are, so far, no accurate 
measurements with universal stage techniques but 
the measured (estimated) steep angles to the c-axis 
of quartz (ca. 50° and 90°) seem to indicate PDFs 
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parallel to {1011 } or { ll22l and {1010},
respectively. The presence of { l013}-orientation,
generally common in shocked quartz, is indicated
by ease of finding of PDFs with angles of about 20o

to the c-axis. These measured PDF orientations are

fairly typical for low shock pressures ofca. 20 GPa.
They are observed e.g. in experimentally shocked
quartz from Tensleep sandstone (Short 1968, p.

232: see also Alexopoulos et al. 1988 and Langen-
horst el al. 1992).

Also typical of the PDFs observed in the Iso-
Naakkima rocks is that, although there are multiple
sets of PDFs in a single grain or clast, the (0001)-
oriented planar features are short and bent. This
feature is not very typical to quartz from known
impact sites (cf. Alexopoulos et al. 1988). A small
displacement is commonly associated with the
(0001)-orientation (Fig. l7). The PDFs steeply

inclined to the c-axis are also short or very short:

they may exist just between two (0001)-oriented
planar fractures. They ogn also form half feather-

like features with a (0001)-oriented fracture as a

shaft (Fig. l8). Unlike other PDFs in the Iso-

Naakkima qvaftz, the { l0l3 }-orientation consists

of very thin and closely spaced planar elements (cf.

the Lake Lappajärvi qvartz, Fig. l0 in Lehtinen
1976). These thin planar elements are also straight,
parallel and longer than the other PDFs observed in
the Iso-Naakkima quartz.

Rocks underlying the conglomeratic sandstone

at 141 .35 m contain varying amounts of quartz

grains with PDFs, too. However, the sedimentary

rocks above this "critical horizon" in the Iso-
Naakkima sequence do not have quartz with PDFs.
The saprolitic sandstone at 141.5 m has a few
coarse-grained, angular quartz grains or fragments
(clasts) with plenty of the typical (0001)-oriented
planar features. Most of the quartz in the rock,
however, is clear and only broken or has wavy
extinction.

At 142.75 m, the saprolitlc rock is an altered
mica gneiss with medium-grained quartz veins. It is

only the quartz of these veins that shows PDFs with
typical sets of short, curved (0001)-fractures.
Brecciated mica sneiss at 155.8 m and veined mica

gneiss at I 78. 3 m have only a few quartz grains and

fragments that show some PDFs.
Also feldspar fragments and grains of the rocks

described may show some weak signs of shock but
the very common kaolinization of feldspars in the
Iso-Naakkimarocks hampers reliable observations.

Kink bands

The occurrence of kink bands in micas of tectonically
deformed rocks is well-known and. thus. the kink
bands are not exclusively caused by shock. Some of
the Iso-Naakkima specimens are, however,
conspicuously rich in kink bands (Fig. 19).
Especially in rocks containing quartz with PDFs,
kink bands are almost omnipresent in single grains

of mica (mostlybiotite) andinbiotite (+ muscovite)
grains of mica gneiss and granite fragments. The
amount of kinked mica decreases downwards in the
drill core, and e.g. at L78.3 m they are observed
only atcertain strongly fractured or deformed layers
of the mica gneiss.

Dike breccia

A strongly brecciated (cataclastic) rock with dark
clasts, almost black in thin sections, is interpreted
as a dike breccia (injection dike breccia). The rock
is foundas veins in thedrillcore (DH 385) atadepth
of 189.6 m and also at 155.8 m.

Rock fragments of the dike breccia are mica
gneiss (also garnet- and sillimanite-bearing
varieties) and granite. Some mica gneiss fragments
show strong kaolinization of feldspars and
chloritization of biotite. The main mineral fragments
are quartz, feldspars, biotite and muscovite. The
accessory minerals (fragments) are apatite, zircon,
garnet, opaques and chlorite. Signs ofweak shock
metamorphism are evident: some quartz grains
show short but clear PDFs or are mosaic-like in
texture, and fragments of mica are full of kink
bands.

The texture of the dike breccia is characterized
by the angular fragments embedded in very fine-
grained matrix. Most of the fragments are strongly
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parallel to {IOl1} or {1122} and (10To), 
respectively. The presence of { 1013 }-orientation, 
generally common in shocked quartz, is indicated 
by ease offinding ofPDFs with angles ofabout 20° 
to the c-axis. These measured PDF orientations are 
fairly typical for low shock pressures of ca. 20 GPa. 
They are observed e.g. in experimentally shocked 
quartz from Tensleep sands tone (Short 1968, p. 
232; see also Alexopoulos et al. 1988 and Langen
horst et al. 1992). 

Also typical of the PDFs observed in the Iso
Naakkima rocks is that, although there are multiple 
sets of PDFs in a single grain or elast, the (0001)
oriented planar features are short and bent. This 
feature is not very typical to quartz from known 
impact sites (cf. Alexopoulos et al. 1988). A small 
displacement is commonly associated with the 
(000 I )-orientation (Fig. 17). The PDFs steeply 
inclined to the c-axis are also short or very short: 
they may exist just between two (OOOI)-oriented 
planar fractures . They c~ also form half feather
like features with a (OOOI)-oriented fracture as a 
shaft (Fig. 18). Unlike other PDFs in the Iso
Naakkima quartz, the { 10 13 }-orientation consists 
of very thin and elosely spaced planar elements (cf. 
the Lake Lappajärvi quartz, Fig. 10 in Lehtinen 
1976). These thin planar elements are also straight, 
parallel and longer than the other PDFs observed in 
the Iso-Naakkima quartz. 

Rocks underlying the conglomeratic sandstone 
at 141.35 m contain varying amounts of quartz 
grains with PDFs, too. However, the sedimentary 
rocks above this "critical horizon" in the Iso
Naakkima sequence do not have quartz with PDFs. 
The saprolitic sands tone at 141.5 m has a few 
coarse-grained, angular quartz grains or fragments 
(elasts) with plenty of the typical (OOOI)-oriented 
planar features . Most of the quartz in the rock, 
however, is elear and only broken or has wavy 
extinction. 

At 142.75 m, the saprolitlc rock is an altered 
mica gneiss with medium-grained quartz veins. It is 
only the quartz ofthese veins that shows PDFs with 
typical sets of short, curved (000 1)-fractures. 
Brecciated mica gneiss at 155 .8 m and veined mica 

gneiss at 178.3 m have only a few quartz grains and 
fragments that show some PDFs. 

Also feldspar fragments and grains of the rocks 
described may show some weak signs of shock but 
the very comrnon kaolinization of feldspars in the 
Iso-N aakkimarocks hampers reliable observations. 

Kink bands 

The occurrence ofkink bands in micas of tectonically 
deformed rocks is well-known and, thus, the kink 
bands are not exelusi vel y caused by shock. Some of 
the Iso-Naakkima specimens are, however, 
conspicuously rich in kink bands (Fig. 19). 
Especially in rocks containing quartz with PDFs, 
kink bands are almost omnipresent in single grains 
ofmica (mostly biotite) and in biotite (+ muscovite) 
grains of mica gneiss and granite fragments. The 
amount ofkinked mica decreases downwards in the 
drill core, and e.g. at 178.3 m they are observed 
only atcertain strongly fractured or deformed layers 
of the mica gneiss. 

Dike breccia 

A strongly brecciated (cataelastic) rock with dark 
clasts, almost black in thin sections, is interpreted 
as a dike breccia (injection dike breccia). The rock 
is found as veins in the drill core (DH 385) at a depth 
of 189.6 m and also at 155.8 m. 

Rock fragments of the dike breccia are mica 
gneiss (also garnet- and sillimanite-bearing 
varieties) and granite. Some mica gneiss fragments 
show strong kaolinization of feldspars and 
chloritization ofbiotite. The main mineral fragments 
are quartz, feldspars, biotite and muscovite. The 
accessory minerals (fragments) are apatite, zircon, 
gamet, opaques and chlorite. Signs of weak shock 
metamorphism are evident: so me quartz grains 
show short but elear PDFs or are mosaic-like in 
texture, and fragments of mica are full of kink 
bands. 

The texture of the dike breccia is characterized 
by the angular fragments embedded in very fine
grained matrix. Most of the fragments are strongly 



Iso-Naakkima, a circular sructure filled with Neoproterozoic sediments, Pieksämäki, southeastern Finland 23

35

Fig.19. Kinked but still fresh grain of biotite (most of the intensely kinked biotite grains are strongly weathered).
Dike breccia. DH 385, depth 189.60 m. Plane polarized light. The horizontal edge of the figure is 0.42 mm.

Fig.20. Dike breccia. A clast consisting of mica gneiss sharply cut by dark glassy-Iike material. DH 385, depth
189.60 m. Crossed polars. The horizontal edge of the figure is 1.7 mm.
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Fig.19. Kinked but still fresh grain of biotite (most of the intensely kinked biotite grains are strongly weathered). 
Dike breccia. DH 385, depth 189.60 m. Plane polarized light. The horizontal edge of the figure is 0.42 mm. 

Fig.20. Dike breccia. A elast consisting ofmica gneiss sharply cut by dark glassy-like material. DH 385, depth 
189.60 m. Crossed polars. The horizontal edge ofthefigure is 1.7 mm. 
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The dark fragments are usually angular and from
one to two mm in diameter but fragments up to 8

mm in length have also been observed. The
fragments contain very small mineral inclusions
and aggregates of broken minerals (Fig. 20)
embedded in an extremely fine-grained glassy-
looking (or clayey) dark (almost black) matrix. The
dark matrix shows dark brown or brown bands.

At first glance, the dark fragments may resemble
the glassy fragments of e.g. the Lake Lappajärvi
suevite (Lehtinen 1976). However, these fragments
are notvesiculated likethe glassy fragments (lapilli)
of suevite. In addition, some of the fragments still
adhere to (Fig. 20) or even penetrate mica gneiss

fragments broken off the walls of the vein. The dark
fragments are explained here as pieces of broken
pseudotachylyte (cf. Philpotts 1964; Maddock 1986)

formed by extreme mylonitization (but mainly
without frictional fusion).

The Iso-Naakkima dike breccia closely resembles

the veinlike breccias (polymictic injection breccias)
observed in the 1973 Ries research drill core even
600 m below the crater floor (Chao 1977: Stöffler
1977).The Ries dikes are interpreted to be dilation
injection dikes produced during the crater growth.
The so-called pseudotachylites from the cenffal
uplift of the Lake St. Martin impact structure,
Canada, are also concluded to be injected impact
breccia (Reimold et al.l99O).

MICROFOSSILS

A total of 22 samples were processed and studied
from boreholes DH 384 (45.35 m - 89.35 m) and
DH 385 (111.40 m - 137.90 m). This was done in
order to establish the biochronostratigraphical
control of the sediments investigated.

In a maceration process HF and HCI were used
and Sodiumpolytungstate as a heavy liquid.
Microfossils were found in l4 samples of which six
contained abundant acritarchs (more than 200
acritarchs per one sample), while eight were barren.
The present ranges ofthe species and their occurence
at various depths in the core are presented in Figure

Fig.2 I . The range of species at various depths in the
DH 384.and 385. 1. Spumosina rubiginosa; 2.
Leiosphaeridia crassa; 3. Leiosphaeridia exsculpta; 4.
Leiosphaeridia minutissima; 5. Fragments of empty
she at hs ; 6. P t e ro s p e rmo p s imo rp ha g ranulata ; 7.
Sy mp las s o s p hae ridi um parv um.

crushed and seem to be broken offthe mica gneiss

by frictional process indicativeof violent movement
of rock debris.
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Fig.2J. The range 0/ species at various depths in the 
DH 384 and 385. J. Spumosina ruhiginosa; 2. 
Leiosphaeridia crassa; 3. Leiosphaeridia exsculpta; 4. 
Leiosphaeridia minutissima; 5. Fragments 0/ empty 
sheaths; 6. Pterospermopsimorpha granulata; 7. 
Symplassosphaeridium parvum. 

crushed and seem to be broken off the mica gneiss 
by frictional process indicativeofviolentmovement 
of rock debris . 

The dark fragments are usually angular and from 
one to two mm in diameter but fragments up to 8 
mm in length have also been observed. The 
fragments contain very small mineral inclusions 
and aggregates of broken minerals (Fig. 20) 
embedded in .an extremely fine-grained glassy
looking (orclayey) dark (almost black) matrix. The 
dark matrix shows dark brown or brown bands. 

At first glance, the dark fragments may resemble 
the glassy fragments of e.g. the Lake Lappajärvi 
suevite (Lehtinen 1976). However, these fragments 
are not vesicuJated Iike the glassy fragments (lapilli) 
of suevite. In addition, so me of the fragments still 
adhere to (Fig. 20) or even penetrate mica gneiss 
fragments broken offthe walls ofthe vein. Thedark 
fragments are explained here as pieces of broken 
pseudotachylyte (cf. Philpotts 1964; Maddock 1986) 
formed by extreme mylonitization (but mainly 
without frictional fusion). 

The Iso-N aakkima dike breccia closely resembles 
the vein-Iike breccias (polyrnictic injection breccias) 
observed in the 1973 Ries research drill core even 
600 m below the crater floor (Chao 1977; Stöffler 
1977). The Ries dikes are interpreted to be dilation 
injection dikes produced during the crater growth. 
The so-called pseudotachylites from the central 
uplift of the Lake St. Martin impact structure, 
Canada, are also concluded to be injected impact 
breccia (Reimold et al. 1990). 

MICROFOSSILS 

A total of 22 sampies were processed and studied 
from boreholes DH 384 (45.35 m - 89.35 m) and 
DH 385 (111.40 m - l37.90 m). This was done in 
order to estabJish the biochronostratigraphical 
control of the sediments investigated. 

In a maceration process HF and HCl were used 
and Sodiumpolytungstate as a heavy liquid. 
Microfossils were found in 14 sampies of which six 
contained abundant acritarchs (more than 200 
acri tarchs per one sample) , whi le eight were barren. 
The present ranges of the species and their occurence 
at various depths in the core are presented in Figure 
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Fig.22. L Leiosphaeridia crassa (Naumova) Lindgren 1982 (DH 384, deprh 62.00 m). 2. Leiosphaeridia
exsculpta (Timofeev) Mikhailova 1989 (DH 384, depth 50.60 m). 3. Leiosphaeridia minutissima (Naumova)
Yankauskas 1989 (DH 384, depth 50.60 m). 4. Pterospermopsimorpha granulata Mikhailova 1989 (DH 384,
deprh 67.67 m). 5. Spumosina rubiginosa (Andreeva) Yankauskas & Mikhailova 1989 (DH 384, depth 62.00 m).
6. Symplassosphaeridium parvum Tynni 1978 (DH 384, depth 45.35 m). 7. Fragments of empty sheath (DH 384,
depth 50.60 m). Bar equals I0 mm.
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21.
The diversity of taxa was low and the

assemblage includes only sphaeromorphs and
fragments of empty sheaths:

- Le i o s phae ridia c ra s s a (Naumova) Yankauskas
1 989: a smooth, thick-walled, spherical, dark yellow
to light brown vesicle or cluster of vesicles (@6 -

150 Fm, x = 26.0 Fm, N = 1000). Fig. 22:1.
Leiosphaeridia asperata (Naumova) Lindgren
1982, Kildinella hyperboreica Timofeev 1966 and

Kildinosphaera shagrinata Yidal 1983 were
regarded as synonyms of Leiosphaeridia crassa
(Yankauskas et al. 1989).

- Leiosphaeridia exsculpta (Timofeev)
Mikhailova 1989: a dark brown, slightly granular,
thick-walled spherical vesicle or cluster of vesicles
(@15 - 255 W,x = 38.4 Fm, N = 738). Fig. 22:2.

- Leiosphaeridia minutissima (Naumova)
Yankauskas 1989: a smooth, thin-walled spherical
vesicle or cluster of vesicles, light yellow to light
brown in colour (@9 - lO5 gm, x = 38.2 pm, N =
201).Fig.22:3.

- One Pterospermopsimorpha granulata
Mikhailova 1989: athick-walled granulate spherical
vesicle has equatorially a thin-walled granulate
membrane (@70 yttn, membrane width 30 Um, total

#s$:
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Fig.22. 1. Leiosphaeridia crassa (Naumova) Lindgren 1982 (DH 384, depth 62.00 m). 2. Leiosphaeridia 
exsculpta (Timofeev) Mikhailova 1989 (DH 384, depth 50.60 m). 3. Leiosphaeridia minutissima (Naumova) 
Yankauskas 1989 (DH 384, depth 50.60 m). 4. Pterospermopsimorpha granulata Mikhailova 1989 (DH 384, 
depth 67.67 m). 5. Spumosina rubiginosa (Andreeva) Yankauskas & Mikhailova 1989 (DH 384, depth 62.00 m). 
6. Symplassosphaeridium parvum Tynni 1978 (DH 384, depth 45.35 m). 7. Fragments of empty sheath (DH 384, 
depth 50.60 m). Bar equals 10 mm. 

21. 

The diversity of taxa was low and the 
assemblage includes only sphaeromorphs and 
fragments of empty sheaths: 

- Leiosphaeridia crassa (N aumova) Yankauskas 
1989: a smooth, thick -walled, spherical, dark yellow 
to light brown vesicle or cluster of vesicles (06 -
150 J.Ul1, x = 26.0 J.Ul1, N = 1000). Fig. 22: 1. 
Leiosphaeridia asperata (Naumova) Lindgren 
1982, Kildinella hyperboreica Timofeev 1966 and 
Kildinosphaera shagrinata Vidal 1983 were 
regarded as synonyms of Leiosphaeridia crassa 
(Yankauskas et al. 1989). 

- Leiosphaeridia exscu lpta (Timofeev) 
Mikhailova 1989: a dark brown, slightly granular, 
thick-walled spherical vesicle or cluster of vesicles 
(015 - 255 J.Ul1, x = 38.4 J.Ul1, N = 738). Fig. 22:2. 

- Leiosphaeridia minutissima (Naumova) 
Yankauskas 1989: a smooth, thin-walled spherical 
vesicle or cluster of vesicles, light yellow to light 
brown in colour (09 - 105 J.Ul1, x = 38.2 J.Ul1, N = 
201). Fig. 22:3. 

- One Pterospermopsimorpha granulata 
Mikhailova 1989: a thick-walled granulate spherical 
vesicle has equatorially a thin-walled granulate 
membrane (070 J.Ul1, membrane width 30 J.Ul1, total 
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@ 1401m).Fig.22:4.
- Spumosina rubiginosa (Andreeva) Yankauskas

and Medvedeva I 989: a thick-walled sphaeromorph
with a meshy surface, opaque to dark brown in
colour. A medial split was also recorded (@20 - 60
pm, x = 30.1 pm, N = l9). Fig. 22:5.
Protosphaeridium flexuosum Timofeev 1966: it
has been included the species and according to the
original diagnosis its diameter is smaller than 60
pm. Afso Orgymatosphaeridium rubiginosum
(Andreeva 1966) is a synonym of Spumosina
rubiginosa.

- Three Symplassosphaeridium parvum Tynni
1978:- a tightly packed cluster of smooth, thin-
walled, light brown small cells (@ of a cell 4 Um,
total @ 18 - 20 gn).Fi9.22:6.

- Fragments of light yellow to light brown,
smooth, thin-walled, unbranched and non-septate
empty sheaths (width 2 - 2O 1txn, the most common
width 9 pm, length 2 - 980 Um, medium length 99

Fm, N = 222).Fig.22:7.
- No macrofossils were present.

The microfossil assemblage indicative of the
Late Riphean (1000-650 Ma) consists exclusively
of sphaeromorphic achritarch taxa, while that of
Early Vendian (650-640 Ma) also includes
polygonomorphic and double walled acritarchs
(Vidal and Knoll 1983), as well as multicellular and

spiralous filaments (Tynni and Donner 1980; Tynni
and Uutela 1985; Yankauskas et al.l989; Volkova
1990).

In the present material dominance of
Leiosphaeridia crassa and minority of
Leiosphaeridia minutissima with the presence of
Leiosphaeridia exsculpta and Pteroper-
mopsimorpha granulata suggest Late Riphean age,

as well as do species Spumosina rubiginosa
(Yankauskas et al. 1989) and Symplasso-
sphae riäium parvum (Tynni I 978; Tynni and Uutela
r984).

The low specific diversity of the microfossil
assemblage could indicate an inshore and,
especially, lagoonal environment (Vidal and Knoll
1982). The effect of thermal alteration is not
observable in the well preserved microfossils.

DISCUSSION AND CONCLUSIONS

The microfossil assemblage found in sediments
investigated suggests that the Iso-Naakkima deposits
were most probably laid down during the Late
Riphean, i.e. 1000 - 650 Ma ago (Chumakov and
Semikhatov 1981).

In other parts of Finland, Mesoproterozoic
Jotnian or Middle Riphean nonmetamorphic
sediments occur in downfaulted blocks of the
Precambrian basement in Satakunta and Muhos
(Fig. I ) (Veltheim 1969; Simonen and Kouvo 1954;
Simonen 1980; Tynni andUutela 1984; Kohonener
al.1993). The K-Arage of the Satakunta sandstone
and Muhos sediments is 1300 - 1400 Ma (Simonen

I 980), although the microfossil assemblage suggests
that the age is 1200 Ma (Tynni and Uutela 1984).
The downfaulting of the Muhos graben is nearly
one kilometer and that of the Satakunta graben at
least 650 m. The nearest Riphean sediments crop
out or are coveredby youngersediments in the Lake
Ladoga depression (Gorbunov and Papunen 1985)
ca. 200 km SE of the Iso-Naakkima sequence.
Also in other parts of Russia Riphean sediments are
common (Chumakov and Semikhatov 1981).

Identified circular crater-like basins in Finland
with Neoproterozoic or Lower Paleozoic
sedimentfill are Söderfjärden (Laurdn et al. 19781.

Lehtovaara 1982, l99O), Lake Lappajärvi (Lehti-
nen 1970, 1976; Pipping and Lehtinen 1992) and
Lake Saarijärvi (Tynni and Uutela 1985). A
meteorite-impact origin based e.g. on structural,
petrographic, mineralogical and geochemical
evidence is suggested fortwo ofthese basins namely
Lake Lappajärvi and Söderfjärden (Pipping and
Lehtinen 1992, and references therein; Lehtovaara
1982).

When considering the origin of the Iso-Naakkima
basin, the circular shape of the basin is the most
conspicuous feature. The possible origins for circular
basin shape include a) a combination of cross-
cutting sets of faults, b) a pull apart in releasing
bend along a strike-slip fault, and subsequent
weathering, c) weathering (or subsidence) of a

pipe-like intrusive body, d) meteorite impact.
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as weil as do species Spumosina rubiginosa 
(Yankauskas et al. 1989) and Symplasso 
sphaeridiumparvum (Tynni 1978; Tynni and Uutela 
1984). 

The low specific diversity of the microfossil 
assemblage could indicate an inshore and, 
especially , lagoonal environment (Vidal and Knoll 
1982). The effect of thermal alteration is not 
observable in the weil preserved microfossils. 

DISCUSSION AND CONCLUSIONS 

The microfossil assemblage found in sediments 
investigated suggests that the Iso-N aakkima deposits 
were most probably laid down during the Late 
Riphean, i.e. 1000 - 650 Ma ago (Chumakov and 
Semikhatov 1981). 

In other parts of Finland, Mesoproterozoic 
Jotnian or Middle Riphean nonmetamorphic 
sediments occur in downfaulted blocks of the 
Precambrian basement in Satakunta and Muhos 
(Fig.I)(Veltheim 1969; Simonen and Kouvo 1954; 
Simonen 1980; Tynni and Uutela 1984; Kohonen et 
al. 1993). The K-Ar age of the Satakunta sandstone 
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The downfaulting of the Muhos graben is nearly 
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least 650 m. The nearest Riphean sediments crop 
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Ladoga depression (Gorbunov and Papunen 1985) 
ca. 200 km SE of the Iso-Naakkima sequence. 
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Lehtinen 1992, and references therein ; Lehtovaara 
1982). 

When considering the origin of the Iso-N aakkima 
basin, the circular shape of the basin is the most 
conspicuous feature. The possible origins forcircular 
basin shape include a) a combination of cross
cutting sets of faults, b) a pull apart in releasing 
bend along a strike-slip fault, and subsequent 
weathering, c) weathering (or subsidence) of a 
pipe-Iike intrusive body, d) meteorite impact. 
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Satellite imagery shows that the Iso-Naakkima
formation is situated along a pröminent lineament
that continues from Iso-Naakkima for about 150

km in both the NW and SE directions. Other linear
features are not so striking in the area, obviously
due to the masking effect of glacial drift. However,
it is not possible to pinpoint any certain linear
feature, which crosscuts the previously mentioned

lineament exactly at the site of the gravity minimum.
No volcanic rocks or marks of volcanic activity

exist in the rocks at the bottom of the basin or in the

drill cores. Therefore the volcanic origin of the

basin (structure) is excluded. On the other hand, the

observed shock-metamorphic features in quartz

and biotite of the conglomeratic sandstone, the

saprolite, the altered mica gneiss and also the

occurrence of the dike breccia, almost 50 m below
the saprolite, suggest a meteorite impact origin for
the basin as the most possible explanation.

According to available crater statistics (e.g.

Melosh 1989), a total amount of 40 or 50 craters

with diameters from 2 km to 3 km should have

formed during the Neoproterozoic on the land

surface of Finland. No such structure has so far
gained the status of a proven impact crater in
Finland (see e.g. Henkel and Pesonen 1992),

although some of the basins have been tentatively

suggested as possible impact craters. As e.g. Grieve
(1991) states, at small diameters the number of
known terrestrial craters falls below the expected

distribution, because old small craters are relatively
more (deeply) eroded and harder to recognize than

larger ones.

Considering the Iso-Naakkima structure as a
meteorite impact site, it may be surprising that no

breccia lenses have been found, unless the lowest

sedimentary rocks can be reinterpreted as a kind of
weathered and redeposited breccia. According to

Melosh (1989), fresh simple craters on all planetary

bodies are morphologically similar, having depth/

diameters ratios between l/5 and ll3, and the

maximum thickness of the breccia lens is roughly

half of the depth of the transient crater. If we take

the diameter of the sedimentary rocks in the Iso-

Naakkimabasinforexample, 1.8 km, as an estimate

of the crater diameter, the depth of the original
crater should have been 360 m to 600 m and the

maximum thickness of the breccia lens 180 m to
300 m. This would mean that in the case of Iso-

Naakkima nearly half of the original crater would
have been eroded, and most of the remaining material

in the crater should represent the breccia lens. Since

most of the crater fill at Iso-Naakkima consists of
sedimentary rocks, the description of crater
properties given by Melosh (1989) does not apply,

or the structure is not a meteorite crater, or, most

probably, nearly allthebreccialens has been eroded

leaving a depression which subsequently filled
with sedimentary rocks.

The sfudy of the subsurface parts of terrestrial

meteorite craters of different sizes in various

environments (e.9. dry land vs shallow sea,

unglaciated vs glaciated areas, small vs large) is

still an evolving fi eld. Craters produced by meteorite

impacts on sedimentary rocks in shallow marine

environments for example, may conceivably differ
from the classical dry land model (Melosh 1989).

Whetherit is possible to interprete the Iso-Naakkima

structure as ameteorite impactcrateror not, requires

the determination of the environment at the time of
impact, and a detailed description of the structure

effected by a meteorite impact within the proper

energy range in this environment. This will be best

achieved by examining different craters of this

category.
The timing of the possible impact at Iso-

Naakkima is not resolved yet. Accordingly, the

time gap between the impact and the present basin

fill is still unknown. However, intense weathering

and erosion was needed to level down the impact

crater with breccias. The basin, which the Iso-

Naakkima sediments occupy at present, should be

a deeply eroded remnant of a larger impact crater.

The initial impact-produced fracturing of the basal

part of the crater made it prone to accelerated

weathering compared with the surrounding mica
gneiss.

The warm and humid climate prior to the

deposition of Iso-Naakkima sediments was

favorable for intense laterite-type weathering. This

39

Iso-Naakkima, a circular sructure filled with Neoproterozoie sediments, Pieksämäki, southeastern Finland 27 

Satellite imagery shows that the Iso-Naakkima 
formation is situated along a prominent lineament 
that continues from Iso-Naakkima for about 150 
km in both the NW and SE directions. Other linear 
features are not so striking in the area, obviously 
due to the masking effect of glacial drift. However, 
it is not possible to pinpoint any certain linear 
feature, which crosscuts the previously mentioned 
lineamentexactly at the site of the gravity minimum. 

No vo1canic rocks or marks of vo1canic activity 
exist in the rocks at the bottom of the basin or in the 
drill cores. Therefore the vo1canic origin of the 
basin (structure) is excluded. On the other hand, the 
observed shock-metamorphic features in quartz 
and biotite of the conglomeratic sandstone, the 
saprolite, the altered mica gneiss and also the 
occurrence of the dike breccia, almost 50 m below 
the saprolite, suggest a meteorite impact origin for 
the basin as the most possible explanation. 

According to available crater statistics (e.g. 
Melosh 1989), a total amount of 40 or 50 craters 
with diameters from 2 km to 3 km should have 
formed during the Neoproterozoic on the land 
surface of Finland. No such structure has so far 
gained the status of a proven impact crater in 
Finland (see e.g. Henkel and Pesonen 1992), 
although some of the basins have been tentatively 
suggested as possible impactcraters. As e.g. Grieve 
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N aakkima basin for example, 1.8 km, as an estimate 

of the crater diameter, the depth of the original 
crater should have been 360 m to 600 m and the 
maximum thickness of the breccia lens 180 m to 
300 m. This would mean that in the case of Iso
Naakkima nearly half of the original crater would 
have been eroded, and most of the remaining material 
in the crater should represent the breccia lens. Since 
most of the crater fill at Iso-Naakkima consists of 
sedimentary rocks, the description of crater 
properties given by Melosh (1989) does not apply, 
or the structure is not a meteorite crater, or, most 
probably, nearly all the breccia lens has been eroded 
leaving adepression which subsequently filled 
with sedimentary rocks . 

The study of the subsurface parts of terrestrial 
meteorite craters of different sizes in various 
environments (e .g. dry land vs shallow sea, 
unglaciated vs glaciated areas, small vs large) is 
still anevolving field. Craters produced by meteorite 
impacts on sedimentary rocks in shallow marine 
environments for example, may conceivably differ 
from the classical dry land model (Melosh 1989). 
Whether it is possible to interprete the Iso-N aakkima 
structure as a meteorite impact crater or not, requires 
the determination of the environment at the time of 
impact, and a detailed description of the structure 
effected by a meteorite impact within the proper 
energy range in this environment. This will be best 
achieved by examining different craters of this 
category. 

The timing of the possible impact at Iso
Naakkima is not resolved yet. Accordingly, the 
time gap between the impact and the present basin 
fill is still unknown. However, intense weathering 
and erosion was needed to level down the impact 
crater with breccias. The basin, which the Iso
Naakkima sediments occupy at present, should be 
a deeply eroded remnant of a larger impact crater. 
The initial impact-produced fracturing ofthe basal 
part of the crater made it prone to accelerated 
weathering compared with the surrounding mica 
gneiss. 

The warm and humid climate prior to the 
deposition of Iso-Naakkima sediments was 
favorable for intense laterite-type weathering. This 

39 



28 Seppo Elo, T'pio Kuivasaari, Martti Lehtinen, Olli Sarapeici and Anneli Uutela

is indicated by the occurrence of kaolinitic clai,
kaolinite in the sedimentary rocks and chemically
rather pure quartz sand as discussed above.
According to the paleomagnetic data, Fennoscandia
occupied temperate southern latitudes during most
of the Riphean (Pesonen et al. 1989), a position
necessary for rapid chemical weathering.

The sedimentary succession at Iso-Naakkima as

a whole refers to a transgression or fining upward
with some interruptions (sandstones). The
sedimentation was probably alluvial or lacustrine.

Tectonic movements during and after
sedimentation are obvious on the basis of the tilted
sediments in the Iso-Naakkima basin. Subsidence

of the formation concurrent with or after the
sedimentation explains the preservation of the
sedimentary rocks up to the present.
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During 1986-1992 the Geological Survey of Finland discovered, investigated and
reported ten kaolin deposits from the Virtasalmi area, southeastern Finland. This work
summarizes the geology, technical properties, possible uses and genesis of the
deposits.

Kaolin deposits were located under a 20-30 m thick glacial overburden by gravity
methods and drilling. The deposits occur in valleys, 100-ll0 m above sea level,
between drumlin ridges in the middle of an undulating plain, and usually belong to the
assemblage of quartz-feldspar gneiss, amphibolite and carbonate rock. The occur-
rence of the deposits is also controlled by a NW-SE-trending fracture zone, probably
related to the Raahe-Ladoga Zone. The deposits are lenticular in shape, generally less
than a few hundred metres wide and from a half to two kilometres long. The thickness
of kaolin is usually 2O-40 m but reaches in places I 00 m. In a vertical profile kaolin
gradually changes via partially altered rock, into fresh parent rock. White kaolin is
generally derived from quartz-feldspar gneiss or tonalite and coloured kaolin from
amphibolite or mica gneiss, which contain more mafic minerals than the former rocks.

White kaolin contains 40-75Vo kaolinite, 2O-307o quartz and some feldspar and
mica. Goethite and haematite are additional minerals of coloured kaolin. Ilmenite and
graphite are other staining components in both kaolin types. The grain size fractions
of <20 pm and <2 pm are almost entirely composed of kaolinite with rare traces of
quartz, mica (illite) and smectite. Particle size distribution shows that the proportion
of the <2 pm fraction is 30Vo and that of the <20 pm fraction 60Vo. The natural
brightness of white kaolin in the <20 pm fraction is on average 7O7o (60-85Va).

After magnetic and chemical refining white kaolin reaches the brightness of paper
coating grade (> 857o), or at least that of filler grade (> 18Vo). The viscosity of
processed kaolin varies widely, but the reasons are not fully understood. The
abrasiveness fulfils the requirements of paper kaolin. There are an estimated l8
million tons of probable white kaolin resources, suitable for paper manufacturing. in
the deposits at Litmanen, Vuorijoki, Ukonkangas, Eteläkylä, Kahdeksaisiensuo and
Montola-Niittylampi. Resources of coloured kaolin, which could be used in ceramics,
are 16 million tons.

The Virtasalmi kaolin deposits formed in situ in a warm and humid climate during
the Mesoproterozoic. Later, the area subsided, as a block, and the kaolins were covered
by the Neoproterozoic Iso-Naakkima sediments, which protected them from erosron.
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INTRODUCTION

Background

The aim of this paper is to describe the Virtasalmi
kaolin deposits; their geology, technical proper-
ties, possible uses and genesis.

The first indications of kaolin at Virtasalmi were
discovered in existing drill cores during the pre-
liminary phase of kaolin investigation in 1986 by
the Geological Survey of Finland (GSF) (Sarapää
1987). The actual kaolin project continued 1986-
1992. Altogether, ten kaolin deposits were found
by gravity and electromagnetic methods and drill-
ing; most in association with a quartz-feldspar
gneiss - amphibolite - carbonate rock belt. The
volume and quality of the deposits were assessed
by drilling and laboratory tests. The deposits are
described in detail in reports to the Ministry of
Trade and Industry (Pekkala et al. 1989a, 1989b;
Kuivasaari et al. 1990, 1991a:' Niemelä et al. 1990,
1991; Niemelä 1992a, 1992b, 1992c) and are sum-

marized in Sarapää et al. (1992a).
There has been a clear motive for kaolin explo-

ration at the GSF. Kaolin imports and their value
have doubled during the last decade. In 1994 the
Finnish paper industry consumed about one mil-
lion tons of kaolin as coating and filler material
(Pekkala 1995). Further, the Central Association of
Finnish Forest Industries has forecasted that the
consumption of kaolin will be around 1.8 Mt by
2010. GSF has carried out kaolin exploration in
Finland since 1978. The main target areas have
been, in addition to Virtasalmi, at Sodankylä and
Savukoski, northern Finland and at Puolanka-
Hyrynsalmi in mid-eastern Finland (Pekkala 1981,
1987, 1988, 1989; Pekkala and Sarapää 1989;
Pekkala and Yevzerov 1991 ; Niemelä and Pekkala
in press ; Pekkala et al. in press ).

Location and topography

Six main and three minor kaolin deposits have
been discovered at Virtasalmi and two minor de-
posits in Joroinen municipality, Mikkeli province,
southeastern Finland (Fig. 1). The deposits at
Virtasalmi are Litmanen, Eteläkylä, Vuorijoki,
Ukonkangas, Montila, Niittylampi, Kahdeksaisien-
suo, Hyväjärvi and Montilanlampi and they are
located in a NW-trending, 20 km long and 5 km
wide zone (the Virtasalmi kaolin area). Two small
deposits near each others, namely Tervajoensuo
and Eteläperä in Joroinen, are the only deposits
discovered so far outside the Virtasalmi area. There
are also indications of kaolin found in the neigh-
bouring Juva and Pieksämäki municipalities, but
these occurrences are of small volume with low
kaolinite content. The nearest paper mill, which
consumes kaolin for coated paper, is at Varkaus, a

town some 60 km NE of the Litmanen deposit.
On the contour map the Virtasalmi kaolin area is

located at the centre of an approximately square-
shaped, undulating plain, bounded in the east by
Lake Kolkonjärvi, Kangasniemi municipality in
the west, Juva municipality and Mikkeli town in
the south, and Pieksämäki town in the north (Fig.
2). The plain, about 60 km x 70 km in size, clearly
differs from the more hilly surrounding areas, which

are typified by steep slopes marking deep fracture
zones. Because glacial sediments and weathered
bedrock fill most of the fractures, the Virtasalmi
kaolin area in the middle of the plain appears less
fractured than surrounding areas. There are also
f-ewer lakes near the kaolin deposits than in sur-
rounding areas. The landscape has a prominent
NW - SE trend caused by glacial drift and erosion,
which is clear from the shapes of drumlin ridges
and lakes. Most drumlins have a bedrock core, e.g.
Hällinmäki hill (163 m a.s.l.) I km east of the
Litmanen deposit. Outcrops with widespread evi-
dence of glacial erosion are common in the proxi-
mate or central parts of the drumlins. The drumlins
are gently sloping, roundish, elongated forms,
which are partly the result of bedrock morphology.

The kaolin deposits occur at low altitudes, about
100-110 m a.s.l. between the drumlins (Table l).
The deposits are generally covered by a20 m thick
glacial overburden, composed mostly of sandy till.
The present erosion level or the upper surface of
the kaolin deposits lies 70-90 m a.s.l. The lower
surface of kaolin is at Litmanen and Eteläkylä 15 m
below sea level where the kaolin reaches a maxi-
mum thickness of over 100 m.
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INTRODUCTION 

Background 

The aim ofthis paper is to describe the Virtasalmi 
kaolin deposits; their geology, technical proper
ties, possible uses and genesis. 

The first indications ofkaolin at Virtasalmi were 
discovered in existing drill cores during the pre
liminary phase of kaolin investigation in 1986 by 
the Geological Survey of Finland (GSF) (Sarapää 
1987). The actual kaolin project continued 1986-
1992. Altogether, ten kaolin deposits were found 
by gravity and electromagnetic methods and drill
ing; most in association with a quartz-feldspar 
gneiss - amphibolite - carbonate rock bell. The 
volume and quality of the deposits were assessed 
by drilling and laboratory tests. The deposits are 
described in detail in reports to the Ministry of 
Trade and Industry (Pekkala et al. 1989a, 1989b; 
Kuivasaari et al. 1990, 1991 a; Niemelä et a1. 1990, 
1991 ; Niemelä 1992a, 1992b, 1992c) and are sum-

marized in Sarapää et a1. (1992a). 
There has been a clear motive for kaolin explo

ration at the GSF. Kaolin imports and their value 
have doubled during the last decade. In 1994 the 
Finnish paper industry consumed about one mil
lion tons of kaolin as coating and filler material 
(Pekkala 1995). Further, the Central Association of 
Finnish Forest Industries has forecasted that the 
consumption of kaolin will be around 1.8 Mt by 
2010. GSF has carried out kaolin exploration in 
Finland since 1978. The main target areas have 
been, in addition to Virtasalmi , at Sodankylä and 
Savukoski, northern Finland and at Puolanka
Hyrynsalmi in mid-eastern Finland (Pekkala 1981 , 
1987, 1988, 1989; Pekkala and Sarapää 1989 ; 
Pekkala and Yevzerov 1991 ; Niemelä and Pekkala 
in press; Pekkala et al. in press ). 

Location and topography 

Six main and three minor kaolin deposits have 
been discovered at Virtasalmi and two minor de
posits in Joroinen municipality , Mikkeli province, 
southeastern Finland (Fig . 1). The deposits at 
Virtasalmi are Litmanen, Eteläkylä, Vuorijoki , 
Ukonkangas, Montila, Niittylampi, Kahdeksaisien
suo, Hyväj ärvi and Montilanlampi and they are 
located in a NW -trending, 20 km long and 5 km 
wide zone (the Virtasalmi kaolin area). Two small 
deposits near each others , namely Tervajoensuo 
and Eteläperä in Joroinen , are the only deposits 
discovered so far outside the Virtasalmi area. There 
are also indications of kaolin found in the neigh
bouring Juva and Pieksämäki municipalities, but 
these occurrences are of small volume with low 
kaolinite contenl. The nearest paper mill, which 
consumes kaolin for coated paper, is at Varkaus, a 
town some 60 km NE of the Litmanen deposit. 

On the contour map the Virtasalmi kaolin area is 
located at the centre of an approximately square
shaped , undulating plain , bounded in the east by 
Lake Kolkonjärvi , Kangasniemi municipality in 
the west, Juva municipality and Mikkeli town in 
the south, and Pieksämäki town in the north (Fig. 
2) . The plain , about 60 km x 70 km in size, clearly 
differs from the more hilly surrounding areas, which 
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are typified by steep slopes marking deep fracture 
zones . Because glacial sediments and weathered 
bedrock fill most of the fractures , the Virtasalmi 
kaolin area in the middle of the plain appears less 
fractured than surrounding areas. There are also 
fewer lakes near the kaolin deposits than in sur
rounding areas . The landscape has a prominent 
NW - SE trend caused by glacial drift and erosion , 
which is clear from the shapes of drumlin ridges 
and lakes. Most drumlins have a bedrock core, e.g . 
Hällinmäki hili (163 m a.s.1. ) 1 km east of the 
Litmanen deposit. Outcrops with widespread evi
dence of glacial erosion are common in the proxi
mate or central parts ofthe drumlins. The drumlins 
are gently sloping, roundish , elongated forms, 
which are partly the result ofbedrock morphology. 

The kaolin deposits occur at low altitudes, about 
100-110 m a.s.1. between the drumlins (Table 1). 
The deposits are generally covered by a 20 m thick 
glacial overburden, composed mostly of sandy till. 
The present erosion level or the upper surface of 
the kaolin deposits lies 70-90 m a.s. 1. The lower 
surface ofkaolin is at Litmanen and Eteläkylä 15 m 
below sea level where the kaolin reaches a maxi
mum thickness of over 100 m. 
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Fig. l. Main kaolin deposits (o) in the Virtasalmi area

Table l.Uoper and lower surfaces of overburden and kaolin at Virtasalmi.

Kaolin

deposit

Upper surface

of overbuden (m)

a.s.l.

Upper surface of

kaolin

(m) a.s.l.

Lower surface of

kaolin

(m) a.s.l.

Litmanen

Vuorijoki

Ukonkmgas

Eteläkylä

Montola

Niittylmpi

Kahdeksaisiensuo

Montilmlmpi

Hyväjäxvi

Teruajoensuo

Iso-Naakkima

100

104

105

105

lt0
103

ll0
108

104

100

ttz

-15

-6

30

-15

27

10

20

<36

5

l8

-30.

80

80

89

93

85

88

77
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78

69

72.

' Upper md lower surfaces of sedimentary rock
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10 km 

T ab le I .U ppe r and lower s urfaces of overburden and kao lin at Virtasa lmi . 

Kaolin Upper surface Upper surface of Lower surface of 

deposit of overburden (m) kaolin kaolin 

a.s. 1. (m)a.s. 1. Cm)a.s.1. 

Litmanen 100 80 -15 

Vuorijoki 104 80 -6 

Ukonkangas 105 89 30 

Eteläkylä 105 93 -15 

Monlola 110 85 27 

Niittylampi 103 88 10 

Kahdeksaisiensuo 11 0 77 20 

Montilanlampi 108 88 <36 

Hyväj ärvi 104 78 

Tervajoensuo 100 69 18 

lso-Naakkima 11 2 72' -30' 

, Upper and lower surfaces of sedimentary rock. 
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Fig.2. ReliefoftheVirtasalmi kaolinareaandsurroundingareas.Figureisbasedoncontours(interval 20rr)oftheRoadMap
of Finland, GT I : 200 000. Processed bv J. Vanne.

INVESTIGATION METHODS

Geophysical exploration

The geophysical methods used in kaolin explo-
ration have been described in detail by Jokinen et
al. ( I 989) and Sarapää et al. (1992). Here only the
main geophysical features that control the occur-
rence of kaolin deposits are described. Most geo-
physical ground measurements in the Virtasalmi
area were done in the 1960's, during copper pros-
pecting by the GSF (Siikarla 19671' Hyvärinen
1969).

Various geophysical methods have been used
successfully in the search for kaolin deposits and
also in preliminary kaolin resource estimates. The
main method has been gravity, because the kaolin
deposits cause negative Bouguer anomalies of 1.0-
2.0 mGal (Fig. 3). Petrophysical measuremenrs
indicate a 0.7 glcmt density difference between
kaolin (1.9 g/cm3) and fresh bedrock (2.6 glcms).
The kaolin, the weathered rock and the soil cover
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have similar density and, therefore, in locating
kaolin the gravity method alone is inadequate.
Electromagnetic methods have also proved useful.
For example, the resistivity of kaolin varies from
15 to 100 ohm giving a weak electric anomaly,
which is even observable on airborne maps. Kaolin
can be separated from other gravity lows, com-
posed of till or low clay-content weathering prod-
ucts, by a wide-band electromagnetic method
(SAMPO).

Because the seismic p-wave velocity in kaolin
(2000-2400 m/s) is much lower than in unweathered
gneiss or granite (4500-6000 m/s), seismic meth-
ods have also been used. The aeromagnetic maps
are useful in fbllowing the kaolin potential rock
association, composing of quartz-feldspar gneiss,
amphibolite and carbonate rock (Fig a). The kaolin
deposits are situated on nonmagnetic areas.
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Fi g. 2. Relief ofthe Virtasalmi kaolin area and surround ing areas. Figure is based on contours ( interva l 20 m) ofthe Road M ap 
of Finland , GT I : 200000. Processed by J. V anne. 

INVESTIGA TION METHODS 

Geophysical exploration 

The geophysical methods used in kaolin explo
ration have been described in detail by Jokinen et 
al. (1989) and Sarapää et al. (1992) . Here only the 
main geophysical features that control the occur
rence of kaolin deposits are described . Most geo
physical ground measurements in the Virtasalmi 
area were done in the 1960 ' s, during copper pros
pecting by the GSF (Siikarla 1967; Hyvärinen 
1969) . 

Various geophysical methods have been used 
successfully in the search for kaolin deposits and 
also in preliminary kaolin resource estimates. The 
main method has been gravity , because the kaolin 
deposits cause negative Bouguer anomalies of 1.0-
2.0 mG al (Fig . 3) . Petrophysical measurements 
indicate a 0.7 g/cm 3 density difference between 
kaolin (1.9 g/cm3) and fresh bedrock (2.6 g/cm 3). 

The kaolin, the weathered rock and the soil cover 
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have similar density and , therefore, in locating 
kaolin the gravity method alone is inadequate. 
Electromagnetic methods have also proved useful. 
For example, the resistivity of kaolin varies from 
15 to 100 ohm giving a weak electric anomaly, 
which is even observable on airborne maps. Kaolin 
can be separated from other gravity lows , com
posed of till or low clay-content weathering prod
ucts, by a wide-band electromagnetic method 
(SAMPO). 

Because the seismic p-wave velocity in kaolin 
(2000-2400 m/s) is much lowerthan in unweathered 
gneiss or granite (4500-6000 m/s), seismic meth
ods have also been used. The aeromagnetic maps 
are useful in following the kaol in potential rock 
association, composing of qllartz-feldspar gneiss, 
amphibolite and carbonate rock (Fig 4). The kaolin 
deposits are sitllated on nonmagnetic areas. 
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On the gravity map NW - SE -trending fractures
are visible in the Virtasalmi area (Fig. 3). Most
kaolin deposits are clearly connected to a large
scale fracture zone called the Virtasalmi fracture.
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which can also be seen on the magnetic map (Fig.
4). All kaolin deposits are on the southwestern side
of the Kolkonjärvi fault, which is magnetically
neutral and is the cause of a clear gravity low.

Fig. 3. Gravity map showing location of the Virtasalmi kaolin deposits in gravity lows (green). The 2nd vertical derivative of
the Bouguer anomaly was processed by S. Elo.

Sampling and laboratory methods

The Virtasalmi kaolin deposits are overlaid by a
thick glacial overburden (20-30 m) and could only
be sampled by drilling. Continuous core samples
from kaolin deposits were taken with a percussion
drill (296 holes/13.9 km) and a wireline-equipped
diamond drill (34 holesl2.6 km). The diameters of
drill cores were 50 mm and 56 mm respectively.

Contaminated crust on the cores was removed
and the tests were carried out at the GSF from 2-3
m core sections. Particle size was determined with
a Sedigraph particle analyser (848 analyses). Fine
fractions (<2 pm, <20 pm), for detailed studies,
were separated by gravity settling. Brightness and
yellowness were measured with a Minolta CR-200
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Fig.3. Gravity map showing location of the Virtasalmi kaolin deposits in gravi ty lows (green). The 2nd vert ica l derivative of 
the Bouguer anoma ly was processed by S. Elo. 

On the gravity map NW - SE -trending fractures 
are visible in the Virtasalmi area (Fig. 3) . Most 
kaolin deposits are clearly connected to a large 
scale fracture zone called the Virtasalmi fracture, 

which can also be seen on the magnetic map (Fig. 
4). All kaolin deposits are on the southwestern side 
of the Kolkonjärvi fault, which is magnetically 
neutral and is the cause of a clear gravity low. 

Sampling and laboratory methods 

The Virtasalmi kaolin deposits are overlaid by a 
thick glacial overburden (20-30 m) and could only 
be sampled by drilling . Continuous core sampIes 
from kaolin deposits were taken with a percussion 
drill (296 holes/13 .9 km) and a wireline-equipped 
diamond drill (34 holes/2.6 km). The diameters of 
drill cores were 50 mm and 56 mm respectively. 

Contaminated crust on the cores was removed 
and the tests were carried out at the GSF from 2-3 
m core sections. Particle size was determined with 
a Sedigraph particle analyser (848 analyses). Fine 
fractions «211m, <20 11m), for detailed studies, 
were separated by gravity sett ling. Brightness and 
yellowness were measured with a Minolta CR-200 
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Fig. 4. Aeromagnetic map showing that kaolin deposits and Iso-Naakkima sedimentary rocks are situated on neutral areas
(processed by J. Vanne). l. Litmanen,2. Eteläkylä,3. Ukonkangas,4. Vuorijoki,5. Niittylampi,6. Montola,7. Hyväjärvi,8.
Montilanlampi,9. Kahdeksaisiensuo, 10. Eteläperä, I l. Tervaioensuo and 12. Iso-Naakkima.

Colourmeter (1571 samples) from the <20 pm
fraction and sometimes from the <2 pm fraction.
The Minolta values were calibrated to Elrepho
values (ISO-brightness) using standard samples
measured at the Central Laboratory of the Finnish
Pulp and Paper Industry (KCL).

The mineralogy of <20Lrm and <2pm fractions
and of raw kaolin was established with a X-ray
diffractometer (XRD) using Ni filtered Cu radia-
tion (1522 measurements). The quantitative min-
eral composition was calculated from semi-ori-
ented samples by a laboratory method developed at
the GSF by K. Lindqvist and P. Kallio from the
method of Pawloski (1985). The mineralogical
characteristics of kaolinite (crystallinity, morphol-
ogy and texture) were studied by XRD, differential
thermal analysis (DTA), infrared spectroscopy (lR)
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and scanning electron microscopy (SEM). The
chemical composition on major and trace elements
of kaolin and parent rock were determined at the
GSF by X-ray fluorescence (XRF), total carbon
and sulphur contents were determined with the
carbon and sulphur Leco-analysers (method 810L,
8l lL) and total water content with the water-ana-
lyser (815L) (3191 analyses).

Mineral processing tests (280 tests) of kaolin
were done in the laboratory of the Kemira Research
Institute, Espoo. Tests included sieving, hydro-
cycloning, high gradient magnetic separation and
chemical bleaching. The brightness, viscosity,
chemical composition and abrasion of refined kao-
lin were studied. Preliminary paper coating tests
were carried out at the KCL's laboratory.
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Colourmeter (1571 sampies) from the <20 f..lm 
fraction and sometimes from the <2 f..lm fraction. 
The Minolta values were calibrated to Elrepho 
values (ISO-brightness) using standard sampIes 
measured at the Central Laboratory of the Finnish 
Pulp and Paper Industry (KCL). 

The mineralogy of <20f..lm and <2f..lm fractions 
and of raw kaolin was established with a X-ray 
diffractometer (XRD) using Ni filtered Cu radia
tion (1522 measurements) . The quantitative min
eral composition was caIculated from semi-ori
ented sampIes by a laboratory method developed at 
the GSF by K. Lindqvist and P. Kallio from the 
method of Pawloski (1985). The mineralogical 
characteristics ofkaolinite (crystallinity, morphol
ogy and texture) were studied by XRD, differential 
thermal analysis (DT A), infrared spectroscopy (IR) 
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and scanning electron microscopy (SEM). The 
chemical composition on major and trace elements 
of kaolin and parent rock were determined at the 
GSF by X-ray fluorescence (XRF), total carbon 
and sulphur contents were determined with the 
carbon and sulphur Leco-analysers (method 810L, 
811 L) and total water content with the water-ana
lyser (815L) (3191 analyses). 

Mineral processing tests (280 tests) of kaolin 
were done in the laboratory of the Kemira Research 
Institute, Espoo. Tests included sieving, hydro
cycloning, high gradient magnetic separation and 
chemical bleaching. The brightness , viscosity, 
chemical composition and abrasion ofrefined kao
lin were studied. Preliminary paper coating tests 
were carried out at the KCL' s laboratory. 
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GEOLOGICAL SETTING

The Virtasalmi area is within the Paleoproterozoic
Svecofennian domain on the southwestern side of
the NW - SE -trending Raahe - Ladoga Zone, an
area of multiphase fault and fracture systems. The
latter have been interpreted as marking where a

subduction zone dipped NE towards the Karelian
continent (Gaäl 1986, 1990;' Korsman et al. 1988;
Ekdahl 1993). The Svecofennides, west of the
suture zone, are generally believed to have formed
in an ancient island arc environment.

The Virtasalmi kaolin area is 20 km southwest
of the NW-SE -trending Kolkonjärvi fault, which is
the western margin of the Raahe - Ladoga Zone
(Gaäl 1986) and formed by D, deformation, 1830 -
1810 Ma ago (Korsman et al. 1988). Another pos-
sible D, fracture zone, the Virtasalmi fracture, has
the same NW trend throughout the Virtasalmi kao-
lin area (Fig.  ). Fracture control of the kaolin
deposits appears obvious, but the deposits are ex-
actly parallel to the foliation and fold structures of
the supracrustal rocks (Kuivasaari et al. 1991b)
(Fig. s).

The Virtasalmi area is dominated by NW-trending
supracrustal rocks, mica gneiss, amphibolite,
diopside amphibolite, carbonate rock and quartz-
feldspar gneiss (Hyvärinen 1969; Vorma l97l;
Pekkarinen and Hyvärinen 1984). Although the
size and shape of the diorite, tonalite and
granodiorite intrusions greatly vary, they are con-
formable with the supracrustal rocks. Small
ultramafic and gabbroic intrusions occur at the
margins of the granitoids and occasionally between
the gneisses. Typical rocks at Virtasalmi are
amphibolites, often diopside-bearing, which usu-
ally occur on the margins of granitoids and can
often be followed on the magnetic map. The diopside
amphibolites contain garnet skarn layers with cop-
per sulphide mineralization, from which the
Hällinmäki deposit was previously exploited.

The supracrustal rocks have been strongly de-

formed and isoclinally folded along a NW-striking
regional, subhorizontal -vertical fold axis. The dip
of bedding and foliation is usually 70-90" NE.
Metamorphic grade is high, corresponding to
amphibolite - granulite facies (Hyvärinen 1969,
Korsman et al. 1988) and therefore the original
textures of supracrustal rocks in the study area have
been mostly destroyed. Makkonen (1992;1996),
however, has discovered primary structures in
supracrustal rocks from the nearby Juva and
Joroinen areas. According to the observations the
mica gneiss is originally a greywacke, the
amphibolite is a mafic volcanite, the hornblende
gneiss is an intermediate volcanite and the quafiz-
feldspar gneiss is a felsic volcanic rock. Hyvärinen
(1969) suggested that the banding of diopside
amphibolites is of sedimentary origin, but Lawrie
(1992) has interpreted them as volcanic rocks. Two
age determinations are available from nearby ar-
eas. The U/Pb-zircon age of the quartz-feldspar
schist (acid metavolcanite) from Viholanniemi,
Joroinen is 1906+4 Ma (Vaasjoki and Sakko 1988)
and that of the tonalite at Saunakangas, Joroinen is
1903t10 Ma (Huhma 1986).

The youngest rocks in the area are those at Lake
Iso-Naakkima where a sequence of unmeta-
morphosed quartz-sandstone, kaolinitic clay,
siltstone and shale, was deposited on a weathered
mica gneiss (Elo et al. 1993). According to the
microfossil dating, these sedimentary rocks are
Late Riphean (1000-650 Ma). The Iso-Naakkima
structure is circular, 2 km in diameter, and the
thickness of the sedimentary sequence is about 100
m. Quaternary soil cover, 40 m thick, overlies the
sequence. In conglomeratic quartz-sandstone, in
the lowest part of the Iso-Naakkima sequence, and
in the mica gneiss evidence for the impact origin of
the circular structure is provided by shock lamellae
in quartz clasts.
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GEOLOGICAL SETTING 

The Virtasalmi area is within the Paleoproterozoic 
Svecofennian domain on the southwestern side of 
the NW - SE -trending Raahe - Ladoga Zone, an 
area of multiphase fault and fracture systems. The 
latter have been interpreted as marking where a 
subduction zone dipped NE towards the Karelian 
continent (Gaal 1986, 1990; Korsman et al. 1988; 
Ekdahl 1993). The Svecofennides, west of the 
suture zone, are generally believed to have formed 
in an ancient island arc environment. 

The Virtasalmi kaolin area is 20 km southwest 
of the NW -SE -trending Kolkonjärvi fault, which is 
the western margin of the Raahe - Ladoga Zone 
(Gaal 1986) and formed by 0 3 deformation, 1830 -
1810 Ma ago (Korsman et al. 1988). Another pos
sible 0 3 fracture zone, the Virtasalmi fracture, has 
the same NW trend throughout the Virtasalmi kao
lin area (Fig. 4). Fracture control of the kaolin 
deposits appears obvious , but the deposits are ex
actly parallel to the foliation and fold structures of 
the supracrustal rocks (Kuivasaari et al. 1991 b) 
(Fig.5). 

The Virtasalmi area is dominated by NW -trending 
supracrustal rocks, mica gneiss, amphibolite, 
diopside amphibolite, carbonate rock and quartz
feldspar gneiss (Hyvärinen 1969; Vorma 1971; 
Pekkarinen and Hyvärinen 1984) . Although the 
size and shape of the diorite , tonalite and 
granodiorite intrusions greatly vary, they are con
formable with the supracrustal rocks. Small 
ultramafic and gabbroic intrusions occur at the 
margins of the granitoids and occasionally between 
the gneisses. Typical rocks at Virtasalmi are 
amphibolites, often diopside-bearing, which usu
ally occur on the margins of granitoids and can 
often be followed on the magnetic map. The diopside 
amphibolites contain gamet skarn layers with cop
per sulphide mineralization, from which the 
Hällinmäki deposit was previously exploited. 

The supracrustal rocks have been strongly de-

formed and isoclinally folded along a NW-striking 
regional, subhorizontal -vertical fold axis . The dip 
of bedding and foliation is usually 70-90° NE. 
Metamorphic grade is high, corresponding to 
amphibolite - granulite facies (Hyvärinen 1969, 
Korsman et al. 1988) and therefore the original 
textures of supracrustal rocks in the study area have 
been mostly destroyed. Makkonen (1992; 1996), 
however, has discovered primary structures in 
supracrustal rocks from the nearby luva and 
loroinen areas. According to the observations the 
mica gneiss is originally a greywacke, the 
amphibolite is a mafic volcanite, the hornblende 
gneiss is an intermediate volcanite and the quartz
feldspar gneiss is a felsic volcanic rock. Hyvärinen 
(1969) suggested that the banding of diopside 
amphibolites is of sedimentary origin , but Lawrie 
(1992) has interpreted them as volcanic rocks. Two 
age determinations are available from nearby ar
eas. The U/Pb-zircon age of the quartz-feldspar 
schist (acid metavolcanite) from Viholanniemi, 
loroinen is 1906±4 Ma (Vaasjoki and Sakko 1988) 
and that of the tonalite at Saunakangas, loroinen is 
1903±10 Ma (Huhma 1986). 

The youngest rocks in the area are those at Lake 
Iso-Naakkima where a sequence of unmeta
morphosed quartz-sandstone , kaolinitic clay , 
siltstone and shale, was deposited on a weathered 
mica gneiss (Elo et al. 1993). According to the 
microfossil dating, these sedimentary rocks are 
Late Riphean (1000-650 Ma). The Iso-Naakkima 
structure is circular, 2 km in diameter, and the 
thickness ofthe sedimentary sequence is about 100 
m. Quaternary soil cover, 40 m thick, overlies the 
sequence. In conglomeratic quartz-sandstone, in 
the lowest part of the Iso-Naakkima sequence, and 
in the mica gneiss evidence for the impact origin of 
the circular structure is provided by shock lamellae 
in quartz clasts . 
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Legend 
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• Kaolin finding 
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At Virtasalmi kaolin gradually changes via par-
tially kaolinized rock into fresh quartz-feldspar
gneiss, mica gneiss, amphibolite, tonalite or
granodiorite. The parent rocks ofkaolin have been
verified from drill cores or samples of drill cuttings.
Where the drill hole has not reached the underlying
hard bedrock, primary features of the altered rock,
such as banding, bedding and relict minerals, have
been used to define the original rock type. Even
though the kaolin deposits are generally connected
to fracture zones, they occur within a typical rock
association, which consists of quartz-feldspar
gneiss, amphibolite, carbonate rock and graphite-
bearing mica gneiss.
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PARENT ROCKS OF KAOLIN

At Litmanen, Vuorijoki and Ukonkangas the
white kaolin is mostly an alteration product of the
quartz-feldspar gneiss and, in some cases, of the
mica gneiss or amphibolite. The coloured (red and
yellow) kaolin is mostly derived from the mica
gneiss or amphibolite and grey kaolin from the
graphite-bearing mica gneiss. At Eteläkylä and
partly also at Ukonkangas the kaolin is an altera-
tion product of the tonalite. Based on the samples
of drill cuttings, the parent rocks of kaolin at
Montola, Niittylampi, and Kahdeksaisiensuo are
mica gneiss, quartz-feldspar gneiss and amphibolite.
Carbonate rock always occurs at the margins of
kaolin deposits.

Quartz-feldspar gneiss

White or greyish kaolin is often derived from the
quartz-feldspar gneiss, which occurs with the
diopside amphibolite and carbonate rock or is asso-
ciated with the mica gneiss. The fine-grained 1@ =
0.3 mm), bedded, garnet-bearing quartz-feldspar
gneiss on the SW-side of Lake Litmanen was origi-
nally a sedimentary rock. Fine-grained massive
types probably originated from a felsic volcanic
rock and the medium-grained granoblastic type

from a felsic volcanic rock or sheared tonalite (e.g.
Ukonkangas).

On average the quartz-feldspar gneiss contains
50Va plagioclase,22Vo quartz, l 07o potassium feld-
spar and 8Vo biotite (Fig. 6). At Vuorijoki the
quartz-feldspar gneiss contains much sphene, up to
15Vo. Apatite and pyrite are common accessory
minerals and garnet occurs, especially in the
Litmanen area.

Mica gneiss

In the weathered areas the mica gneiss, which is
the most common rock at Virtasalmi, occurs as
alternating layers with quartz-feldspar gneiss.
Usually mica gneiss is fine-grained (A - 0,4 mm)
rock and its main minerals are plagioclase, quartz,
biotite and potassium feldspar. At Ukonkangas and
Vuorijoki the mica gneiss usually contains some
graphite and, at Litmanen, garnet is common.

Fig. 6. Mineral compositions of the typical parent rocks based on
point counting of 40 thin sections.
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PARENT ROCKS OF KAOLIN 

At Virtasalmi kaolin gradually changes via par
tially kaolinized rock into fresh quartz-feldspar 
gneiss, mica gneiss, amphibolite, tonalite or 
granodiorite. The parent rocks of kaolin have been 
verified from drill cores or sam pIes of drill cuttings. 
Where the drill hole has not reached the underlying 
hard bedrock, primary features of the altered rock, 
such as banding , bedding and relict minerals, have 
been used to define the original rock type. Even 
though the kaolin deposits are generally connected 
to fracture zones, they occur within a typical rock 
association, which consists of quartz-feldspar 
gneiss, amph ibolite, carbonate rock and graphite
bearing mica gneiss. 

At Litmanen , Vuorijoki and Ukonkangas the 
white kaolin is mostly an alteration product of the 
quartz-feldspar gneiss and , in some cases , of the 
mica gneiss or amphibolite. The coloured (red and 
yellow) kaolin is mostly derived from the mica 
gnei ss or amphibolite and grey kaolin from the 
graphite-bearing mica gneiss. At Eteläkylä and 
partly also at Ukonkangas the kaolin is an altera
tion product of the tonalite. Based on the sampIes 
of drill cuttings, the parent rocks of kaolin at 
Montola, Niittylampi, and Kahdeksaisiensuo are 
mica gneiss, quartz-feldspar gneiss and amphibolite. 
Carbonate rock always occurs at the margins of 
kaolin deposits. 

Quartz-feldspar gneiss 

White or greyish kaolin is often derived from the 
quartz-feldspar gneiss , which occurs with the 
diopside amphibolite and carbonate rock or is asso
ciated with the mica gneiss. The fine-grained (0 = 
0 .3 mm), bedded, gamet-bearing quartz-feldspar 
gnei ss on the SW -side ofLake Litmanen was origi
nally a sedimentary rock. Fine-grained massive 
types probably originated from a felsic volcanic 
rock and the medium-grained granoblastic type 

from a felsic volcanic rock or sheared tonalite (e.g. 
Ukonkangas) . 

On average the quartz-feldspar gneiss contains 
50% plagioclase, 22% quartz , 10% potass ium feld
spar and 8% biotite (Fig. 6). At Vuorijoki the 
quartz-feldspar gneiss contains much sphene, up to 
15 %. Apatite and pyrite are common accessory 
minerals and gamet occurs, especially in the 
Li tmanen area. 

Mica gneiss 

In the weathered areas the mica gneiss , which is 
the most common rock at Virtasalmi, occurs as 
alternating layers with quartz-feldspar gneiss. 
Usually mica gneiss is fine-grained (0 = 0,4 mm) 
rock and its main minerals are plagioclase, quartz , 
biotite and potassium feldspar. At Ukonkangas and 
Vuorijoki the mica gneiss L1sually contains some 
graphite and, at Litmanen, gamet is common. 

Fig. 6. Mineral composi ti ons of the typical parent rocks based on 
point counting of 40 thin sections. 
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Amphibolite and diopside amphibolite

At Litmanen drilling data indicate that a parr of
the kaolin derived from the amphibolite and diopside
amphibolite, which occur as layers within the quartz-
feldspar gneiss and mica gneiss. The amphibolite is
a dark green, banded and strongly foliated
granoblastic rock (A =0,3-0,5 mm), which is com-
posed of hornblende (39Vo), plagioclase (42Vo),
biotite (l}Vo) and quartz (7Vo), ilmenite is a com-
mon accessory mineral (Fig. 6). The diopside
amphibolite is a banded rock which has layers, rich
in light grey diopside and green hornblende. The

diopside content varies from a few to 50 percent.
The coarse-grained (@ = 0.5 mm), gneissose
amphibolite (e.g. on the margin of the Ukonkangas
deposit near the contact with dolomite) is com-
posed of hornblende, plagioclase and biotite. The
weathering products of these rocks are mostly col-
oured kaolin and only occasionally white kaolin.
Green smectite-rich kaolin, derived from
amphibolite, occurs in the margins and deepest
parts of the kaolin deposits, for example in the
western part of Vuorijoki deposit.

Granodiorite and tonalite

Granodiorite and tonalite are light grey or dark
grey in colour depending on the amount of dark
minerals. They are often clearly foliated,
granoblastic and some examples resemble the quartz-
feldspar gneiss, but the grain size is 0.5- 1.0 mm and
they are more even-grained than quartz-feldspar
gneisses. On an average the tonalite conlains 5lVo
plagioclase, 23Vo quartz, I27o biotite, 57o horn-
blende and 3Vo potassium feldspar. The composi-
tion of granodiorite is477o plagioclase,23Vo quartz,

l27o biotite, l27o potassium feldspar, 3Vo musco-
vite and 2Vo hornblende. The kaolin derived from
both tonalite and granodiorite is generally of good
quality, its colour is white and the kaolinite content
high. It can be concluded that all the parent rocks
ofthe kaolin have a high plagioclase content and no
potassium feldspar or a very low amount. The
content of mafic minerals is lowest in the quartz-
feldspar gneiss, granodiorite and tonalite, from
which white kaolin is mostly derived.

KAOLIN DEPOSITS

Litmanen deposit

Part of the Litmanen deposit is under Lake
Litmanen (99 m a.s.l), SW of the Hällinmäki drum-
lin ridge (163 m a.s.l.). The bedrock is composed of
quartz-feldspar gneiss, diopside amphibolite,
amphibolite, mica gneiss and tonalite (Fig. 7). The
total surface area of weathered rock is about 0.4
km2, of which kaolin covers an area of 0.12 km'z.

The soil cover on the Litmanen deposit is l0-25 m
thick, consisting mainly of sandy till, generally
overlaid by a few metres of sand, mud and peat.

According to the drilling data, the deposit is
formed by in situ weathering of bedrock (Fig. 8).
The colour and quality of kaolin are controlled by
the type of weathered bedrock. White kaolin mainly
derives from quartz-feldspar gneiss and mica gneiss
and coloured kaolin from amphibolite and diopside
amphibolite, respectively. The thickness of kaolin
is in places up to 80 m and the width more than 100
m. White kaolin passes gradually through coloured
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or dark kaolin to a partially kaolinized rock and
finally to fresh gneiss. The thickness of an alterna-
tion zone varies from a few metres to 20 metres.

In this paper the kaolin is classified according to
the brightness value of the <20 pm fraction into
white ( > 6O7o) and coloured (< 607o). The colour
of white kaolin at Litmanen ranges from white to
light grey and yellowish white and its average
natural brightness is727o (Table 2). Coloured kao-
lin is often yellowish brown, or rarely red, while its
average brightness is 407o and yellown ess 43Vo . At
Litmanen about707o of all analysedkaolins belong
to the white kaolin group. The respective average
particle size distribution values of the <20pm, <10
pm, <6 pm and <2 pm fractions are as high as 657o ,

5 5 7o, 49 Vo, and 327o . The values are similar through-
out the deposit (Fig. 9).

White raw kaolin contains 67Vo kaolinite (Fig.
10). In five from the total of 38 drill holes the
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Amphibolite and diopside amphibolite 

At Litmanen drilling data indicate that apart of 
the kaolin derived from the amphibolite and diopside 
amphibolite, which occur as layers within the quartz
feldspar gneiss and mica gneiss . The amphibolite is 
a dark green , banded and strongly foliated 
granoblastic rock (0 = 0,3-0,5 mm), which is com
posed of hornblende (39%), plagioclase (42%), 
biotite (10%) and quartz (7%), ilmenite is a com
mon accessory mineral (Fig. 6) . The diopside 
amphibolite is a banded rock which has layers, rich 
in light grey diopside and green hornblende. The 

diopside content varies from a few to 50 percent. 
The coarse-grained (0 = 0.5 mm), gneissose 
amphibolite (e.g . on the margin ofthe Ukonkangas 
deposit near the contact with dolomite) is com
posed of hornblende, plagioclase and biotite. The 
weathering products of these rocks are mostly col
oured kaolin and only occasionally white kaolin . 
Green smectite-rich kaolin, derived from 
amphibolite, occurs in the margins and deepest 
parts of the kaolin deposits , for example in the 
western part of Vuorijoki deposit. 

Granodiorite and tonalite 

Granodiorite and tonalite are light grey or dark 
grey in colour depending on the amount of dark 
minerals. They are often clearly foliated , 
granoblastic and some examples resemble the quartz
feldspar gneiss, but the grain size is 0.5-1.0 mm and 
they are more even-grained than quartz-feldspar 
gneisses. On an average the tonalite contains 51 % 
plagioclase, 23 % quartz, 12% biotite, 5% horn
blende and 3% potassium feldspar. The composi
tion of granodiorite is 47 % plagioclase, 23% quartz, 

12% biotite, 12% potassium feldspar, 3% musco
vite and 2% hornblende. The kaolin derived from 
both tonalite and granodiorite is generally of good 
quality, its colour is white and the kaolinite content 
high. It can be concluded that all the parent rocks 
ofthe kaolin have a high plagioclase content and no 
potassium feldspar or a very low amount. The 
content of mafic minerals is lowest in the quartz
feldspar gneiss, granodiorite and tonalite, from 
which white kaolin is mostly derived. 

KAOLIN DEPOSITS 

Litmanen deposit 

Part of the Litmanen deposit is under Lake 
Litmanen (99 m a.s.l), SW ofthe Hällinmäki drum
lin ridge (163 m a.s .l.). The bedrock is composed of 
quartz-feldspar gneiss, diopside amphibolite , 
amphibolite, mica gneiss and tonalite (Fig. 7). The 
total surface area of weathered rock is about 0.4 
km2 , of which kaolin covers an area of 0.12 km2 . 

The soil cover on the Litmanen deposit is 10-25 m 
thick, consisting mainly of sandy ti II , generally 
overlaid by a few metres of sand, mud and peat. 

According to the drilling data, the deposit is 
formed by in situ weathering of bedrock (Fig . 8). 
The co10ur and quality of kaolin are controlled by 
the type of weathered bedrock. White kaolin mainly 
deri ves from quartz-feldspar gneiss and mica gneiss 
and coloured kaolin from amphibolite and diopside 
amphibolite, respectively . The thickness of kaolin 
is in places up to 80 m and the width more than 100 
m. White kaolin passes gradually through coloured 
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or dark kaolin to a partially kaolinized rock and 
finally to fresh gneiss. The thickness of an alterna
tion zone varies from a few metres to 20 metres . 

In this paper the kaolin is classified according to 
the brightness value of the <20 f..lm fraction into 
white (> 60%) and coloured « 60%). The colour 
of white kaolin at Litmanen ranges from white to 
light grey and yellowish white and its average 
natural brightness is 72% (Table 2). Coloured kao
lin is often yellowish brown, or rarely red, while its 
average brightness is 40% and yellowness 43 %. At 
Litmanen about 70% of all analysed kaolins belong 
to the white kaolin group. The respective average 
particle size distribution values of the <20f..lm, <10 
f..lm, <6f..lm and <2f..lm fractions are as high as 65 %, 
55 %, 49%, and 32%. The values are similar through
out the deposit (Fig. 9). 

White raw kaolin contains 67 % kaolinite (Fig. 
10) . In five from the total of 38 drill holes the 
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Fig. 10. Mineral composition of six main kaolin deposits.

average kaolinite content increases over 90Vo.The
second main mineral quartz, whose average con-
tent is 28Vo and grain size 0.3 mm (0.1-2 mm), is
chemically very pure (0.01-0.03 7oFe,O., Sarapää
et al. 1992b;. White kaolin may also c-oniain some
dioctahedral mica (muscovite or illite) , plagioclase
and K-feldspar. Occasionally a little trioctahedral
mica (biotite), smectite and siderite have been iden-
tified as well (Table 2). Apart from the above
minerals, coloured kaolin contains goethite or
haematite.

The average kaolinite content of the <20pm size
fraction of white kaolin is 977o. Kaolinite is the
only mineral identified in two thirds of the samples
studied by XRD. One third of the samples may
contain quartz or small amounts of muscovite, K-
feldspar and smectite. The <2 pm size fraction of
white kaolin is almost entirely composed of kaolinite
(Table 3), which is moderately well crystallized
based on its Hinckley index (Hinckley 1963).
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Table 2. Brightness, yellowness, mineral and chemical composition
of Litmanen kaolin. Analyses are mean values.

RAW <20 pm

WHITE COLOURED WHITE COLOURED

brightness 7o

Minimum
Maximum
Valid N

yellowness

72 40
609
86 59

357 93

13 43

kaolinit€
Minimum
Maximum
Valid N

EOUTVALENT SPHERTCAL DIAMETER tN MtcRoNs quartz

Fig. 9. Particle size distribution of kaolins from six main deposits. 
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FerO.
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CaO
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t43

25.97

48.12
53
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42.19
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TOTAL

l) Includes dioctahedral micas

2) Includes trioctahedral micas

3) See Hinckley (1963)
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average kaolinite content increases over 90%. The 
second main mineral quartz , whose average con
tent is 28% and grain size 0.3 mm (0.1-2 mm) , is 
chemically very pure (0.01-0.03 % Fe

2
0

3
, Sarapää 

et al. 1992b). White kaolin mayaiso contain some 
dioctahedral mica (muscovite or illite) , plagioclase 
and K-feldspar. Occasionally a little trioctahedral 
mi ca (biotite), smectite and siderite have been iden
tified as weIl (Table 2). Apart from the above 
minerals, coloured kaolin contains goethite or 
haematite. 

The average kaolinite content ofthe <20/lm size 
fraction of white kaolin is 97 %. Kaolinite is the 
only mineral identified in two thirds of the sam pies 
studied by XRD. One third of the sampIes may 
contain quartz or small amounts of muscovite, K
feldspar and smectite. The <2 /lm size fraction of 
whitekaolin is almostentirely composed ofkaolinite 
(Table 3), which is moderately weil crystallized 
based on its Hinckley index (Hinckley 1963). 
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Table 2 . Brightness, ye llowness, mineral and chem ical composition 
of Litmanen kaolin. Analyses are mean values. 
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Table 3. Mineral composition (XRD) from the <2 pm fraction of white kaolin

Deposit Kaolin Quartz Mica

Litmanen

Vuorijoki

Ukonkangas

Eteläkylä

100

r00

100

100

tr

tr

tr

0.78

0.45

0.69

l9

20

9

4

tr = traces in some samples HI : Hinckley index

The main colouring components in kaolins are
iron and titanium minerals. The content of iron
oxide in white kaolin is much lower than in col-
oured kaolin (Tables 2 and 4). According to the
chemical analysis, coloured kaolin contains about
7Va goethite in the <20 trrm fraction (Table 2).

Titanium is high in both raw kaolin and fine
fractions (<2 pm and <20 pm). Ilmenite was iden-
tified by XRD from heavy mineral separates of raw
kaolin, and ilmenite and anatase by EDS from the <2
pm fraction.

Laboratory scale tests have shown that white
raw kaolin can be refined into products with a

N = number of samples

brightness of coating grade (> 85Vo) or at least of
filler grade (> 7\Vo). Using chemical bleaching, a
part of the coloured kaolin also reaches a bright-
ness of 857o. Viscosity and concentration values
vary in a wide range. The abrasive values (4.9-18 gl
m3) are low enough for coating kaolin. According
to brick tests. Litmanen kaolin is much better in the
manufacture of fire bricks than normal glacial
clays. Refined white kaolin could also be used as a

raw material for whiteware ceramics (Vesterinen et
al. 1995). The probable in situ kaolin resources of
the Litmanen deposit are 4.3 Mt white and 2.0 Mt
coloured kaolin.

Vuorijoki deposit

The Vuorijoki kaolin deposit is located five
kilometres northwest of Litmanen. The bedrock
consists mostly of mica gneiss and quartz-feldspar
gneiss, which occasionally contain graphite and
pyrite. Amphibolites and carbonate rocks occur on
the margins of the weathered area. The dip of
supracrustal rocks is steep, 70-85" NE. The weath-
ered area at Vuorijoki is 0.58 km2, of which kaolin
covers 0.2km2. The river Isojoki divides the deposit
into two parts called Vuorijoki East and West (Fig.
I 1 ). In the East part kaolin covers an area of 450 m
* 300 m and in the West 450 m * 200 m. The glacial
overburden, 12-36 m in the East part and 33-45 m
in the West part, is composed of sandy till and a two
to three metres thick consolidated layer, a kind of
tillite, occurs in the basal part. The thickness of
kaolin is generally 20-40 m and locally up to 70 m.

A diamond drilling profile across the East part
shows that the parent rock of kaolin is mainly the
quartz-feldspar gneiss, which in places contains
layers rich in biotite, graphite and pyrite (Fig. l2).
In R 504, within a five metre interval, there is
gradual change of white kaolin, first into a dark
grey weathered gneiss rich in mica and kaolinite,
and then into slightly fractured, unweathere d quartz-
feldspar gneiss. The thickness of this transition
zone varies from one (R 510) to ten metres (R 572).

The colour of kaolin at Vuorijoki varies greatly;

the white kaolin (brightness > 607o) includes white,
light grey and yellowish white varieties. The col-
oured kaolin contains yellowish brown, red and
violet kaolins (brightness < 60Vo, yellowness >
l9Vo). Grey kaolin (brightness < 60Vo and yellow-
ness < l9%o) contains graphite, pyrite and biotite in
varying amounts. Weathered bedrock outside the
kaolin area contains both kaolinitic clay and al-
tered rocks with varying amounts of soft and hard
parts. Kaolinitic clays are green or dark grey in
colour and apart from kaolinite they contain plenty
of biotite, chlorite, smectite and/or clinoamphibole.

The particle size distribution of the Vuorijoki kao-
lin is quite similar to Litmanen kaolin (Fig. 9). The
average proportions of the <2 Vm and < 20 pm
fractions are 357o and 627o. The main constituents
of white kaolin are kaolinite, q\artz, feldspar and
mica (Table 5). The kaolinite content of white
kaolin, 52 Vo, is notably lower than at Litmanen and
that of potassium feldspar higher. The kaolinite
content of coloured and grey kaolin is about the same
as in white kaolin. Yellowish brown kaolin contains
some goethite andredkaolin haematite and this is also
seen in their high iron contents, on average 5.4Vo
FerOr. The iron content in grey raw kaolin is nearly as

high as in coloured kaolin. Iron is bound primarily in
biotite and pyrite, but in coloured kaolin iron has
oxidized into goethite and haematite. A part of the
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Tab le 3. Min eral composi tion (XRD) from the <211m fr act ion of white kaolin . 

Deposit Kaolin Quartz Mica 

Litmanen 100 tr 

Vuorijoki 100 tr tr 

Ukonkangas 100 tr 

Eteläkylä 100 

tr = traces in some sampies HI = Hinckley index 

The main colouring components in kaolins are 
iron and titanium minerals. The content of iron 
oxide in white kaolin is much lower than in col
oured kaolin (Tables 2 and 4). According to the 
chemical analysi s, coloured kaolin contains about 
7% goethite in the <20 j.lm fraction (Table 2). 

Titanium is high in both raw kaolin and fine 
fractions «2 j.lm and <20 j.lm). Ilmenite was iden
tified by XRD from heavy mineral separates of raw 
kaolin, and ilmenite and anatase by EDS from the <2 
j.lm fraction. 

Laboratory sc ale tests have shown that white 
raw kaolin can be refined into products with a 

Smectite HI N 

0.78 19 

0.45 20 

9 

tr 0.69 4 

N = number of sampies 

brightness of coating grade (> 85 %) or at least of 
filler grade (> 78%). Using chemical bleaching, a 
part of the coloured kaolin also reaches a bright
ness of 85%. Viscosity and concentration values 
vary in a wide range. The abrasi ve values (4.9-18 g/ 
m3) are low enough for coating kaolin . According 
to brick tests, Litmanen kaolin is much better in the 
manufacture of fire bricks than normal glacial 
clays. Refined white kaolin could also be used as a 
raw material for whiteware ceramies (Vesterinen et 
al. 1995). The probable in situ kaolin resources of 
the Litmanen deposit are 4 .3 Mt white and 2.0 Mt 
coloured kaolin. 

Vuorijoki deposit 

The Vuorijoki kaolin deposit is located five 
kilometres northwest of Litmanen. The bedrock 
consists mostly of mica gneiss and quartz-feldspar 
gneiss, which occasionally contain graphite and 
pyrite. Amphibolites and carbonate rocks occur on 
the margins of the weathered area. The dip of 
supracrustal rocks is steep, 70-85° NE. The weath
ered area at Vuorijoki is 0.58 km2

, of which kaolin 
covers 0.2 km 2

. The river Isojoki divides the deposit 
into two parts called Vuorijoki East and West (Fig. 
11) . In the East part kaolin covers an area of 450 m 
* 300 m and in the West 450 m * 200 m. The glacial 
overburden, 12-36 m in the East part and 33-45 m 
in the West part, is composed of sandy till and a two 
to three metres thick consolidated layer, a kind of 
tillite, occurs in the basal part. The thickness of 
kaolin is generally 20-40 m and locally up to 70 m. 

A diamond drilling profile across the East part 
shows that the parent rock of kaolin is mainly the 
quartz-feldspar gneiss, which in places contains 
layers rich in biotite, graphite and pyrite (Fig. 12) . 
In R 504, within a five metre interval , there is 
gradual change of white kaolin, first into a dark 
grey weathered gneiss rich in mica and kaolinite, 
and then into slightly fractured, unweathered quartz
feldspar gneiss . The thickness of this transition 
zone varies from one (R 510) to ten metres (R 572) . 

The colour of kaolin at Vuorijoki varies greatly; 

the white kaolin (brightness > 60%) includes white, 
light grey and yellowish white varieties. The col
oured kaolin contains yellowish brown, red and 
violet kaolins (brightness < 60%, yellowness > 
19%). Grey kaolin (brightness < 60% and yellow
ness < 19%) contains graphite, pyrite and biotite in 
varying amounts. Weathered bedrock outside the 
kaolin area contains both kaolinitic clay and al
tered rocks with varying amounts of soft and hard 
parts. Kaolinitic clays are green or dark grey in 
colour and apart from kaolinite they contain plenty 
ofbiotite, chlorite, smectite and/or clinoamphibole. 

The particle size distribution ofthe Vuorijoki kao
lin is quite similar to Litmanen kaolin (Fig. 9). The 
average proportions of the <2 j.lm and < 20 j.lm 
fractions are 35% and 62%. The main constituents 
of white kaolin are kaolinite, quartz, feldspar and 
mica (Table 5) . The kaolinite content of white 
kaolin, 52 %, is notably lower than at Litmanen and 
that of potassium felds par higher. The kaolinite 
content of coloured and grey kaolin is about the same 
as in white kaolin. Yellowish brown kaolin contains 
some goethite and red kaolin haematite and this is also 
seen in their high iron contents, on average 5.4% 
Fe20 3• The iron content in grey raw kaolin is nearly as 
high as in coloured kaolin. Iron is bound primarily in 
biotite and pyrite, but in coloured kaolin iron has 
oxidized into goethite and haematite. Apart of the 
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Table 4. Chemical composition of the <2 pm fraction of six main kaolin deposits

wt%o Coloured White Coloured White White Coloured White

sio2

Valid N

Al2o3

Ti02

FerO,

MnO

Mgo

CaO

NarO

KrO

c

S

HrO

TOTAL

44.42

37

36.92

1.07

.65

.00

.15

.12

.03

.34

.08

.04

15. l6

99.29

42.69

l3

34.24

.94

4.92

.02

.20

.22

.08

.29

.04

.03

15.27

99.40

44.25

34

35.58

1.06

1.00

.00

.33

.15

.04

.62

.t I

.16

15.44

98.88

42.07

24

33.58

.96

5.93

.02

.34

.19

.04

.63

.09

.ll
t4.99

99.24

45.33

9

37.70

1.37

.50

.00

.21

.09

.l l

.61

.21

.08

14.80

100.90

44.12

6

36.72

1.79

1.20

.00

.l I

.15

.03

.19

.06

.01

15.07

1 00.1

42.94

8

35.25

r.47

4.46

.00

.13

.18

.01

.24

.05

.01

14.63

99.44

44.11

6

35.99

r.64

.82

.00

.15

.15

.02

.31

.20

.10

15.25

98.66

40.82

2

30.53

1.32

tl.26

.05

.48

.34

.10

.49

.06

.01

15. l0

101.90

44.42

28

37.25

1.ll

.41

.00

.12

.t4

.03

.20

.19

.15

15.27

99.52
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VI Table 4. Chemical composition of the <211m fraction o f six main kao lin deposits 20 
00 - " - . 0 

c,,-
I:) 0 
.., (TQ 

Litmanen Vuorijoki Ukonkangas Eteläkylä Montola Kahdeksaisiensuo 
I:) _ . 

'" ~ 1:), -
!'" (/J 

'-l!:; 
I:) < 

'" " White Coloured White White Coloured White Coloured 
-. '< wt% White Coloured White Cl 0 
:>:: ..., 

~ . ::n 
'" " I:) _ 

<0 '" 
I:) " 

Si02 44.42 42.69 44.25 42.07 45 .33 44.12 42 .94 44.11 40.82 44.42 I:) 0. .., . 
• -' (/J 

ValidN 37 13 34 24 9 6 8 6 2 28 ~ ] 
I:) " 

S. ~ 
Al20 J 36.92 34.24 35.58 33.58 37.70 36.72 35.25 35.99 30.53 37.25 < ~ 

~. 'U 

Ti02 1.07 .94 1.06 .96 1.37 1.79 1.47 1.64 1.32 1.11 
;:; ~ 
,,~ 

~ :; . 

Fe20 J .65 4.92 1.00 5.93 .50 1.20 4.46 .82 11.26 .41 '<:~ 
..:=: . (D 
C: ""0 

MnO .00 .02 .00 .02 .00 .00 .00 .00 .05 .00 
'tl ':"'-

" ,.,. ,.,. 
MgO .15 .20 .33 .34 .21 .11 .13 .15 

I:) 

.48 .12 ;s-
I:) 

'" CaO .12 .22 .15 .19 .09 .15 .18 .15 .34 .14 I'c 
<.... 

'" ,.,. 
N~O .03 .08 .04 .04 .11 .03 .01 .02 .10 .03 

,.,. 
I:) 

;:., 

.62 .63 .61 .19 .24 " KP .34 .29 .31 .49 .20 ::; . 
~ 

C .08 .04 .11 .09 .21 .06 
I:) 

.05 .20 .06 .19 5 
" ;, 

S .04 .03 .16 .11 .08 .01 .01 .10 .01 .15 

HP 15.16 15.27 15.44 14.99 14.80 15.07 14.63 15.25 15.10 15 .27 

TOTAL 99.29 99.40 98 .88 99.24 100.90 100.1 99.44 98.66 101.90 99.52 



iron is in amorphous form. Observations from drill
cores indicate that the coloured and the grey kaolin
both derived from the mica gneiss.

The average kaolinite content of the <20 pm
fraction is 97Vo; other minerals, which may be
present, arequartz, muscovite and feldspar. The <2
pm fraction is composed almost entirely of kaolinite
(Table 3), which has a quite low crystallinity ac-
cording to its Hinckley index (0.45). The <20 prm

fraction of white kaolin contains 0.87o of ferric
oxide and 1.27o of titanium oxide (Table 5). The
iron and titanium content of the <2 um fraction is
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nearly the same (Table 4). Ilmenite and traces of
anatase and rutile have been identified as impurities
in the heavy mineral fraction by XRD.

After refining, at least two thirds of white kaolin
satisfies the brightness requirement for filler grade
(78-85 Vo\ and one third of white kaolin fulfils that
for coating grade (> 85Va). The probable kaolin
resources at Vuorijoki are 6.5 Mt of white kaolin,
and 5.7 Mt of coloured and grey kaolin, together
12.2NIt. Most of the kaolin resources (8.1 Mt) are
located in the East part, where the soil cover is
thinner than in the West part.

."S

Gnvity conburline
/aeö finteryalo.sm c{r)
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Drill hole

l--l White kaolin

I Copureo xaorrn

lllTil 6py 6o1;n
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F= Caöonate |ock

Fig. I l. Vuorijoki kaolin deposit.

SW
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Fig. 12. A cross section of Vuorijoki East.
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iron is in amorphous form. Observations from drill 
cores indicate that the coloured and the grey kaolin 
both derived from the mica gneiss. 

The average kaolinite content of the <20 f..lm 
fraction is 97%; other minerals , which may be 
present, are quartz, muscovite and feldspar. The <2 
f..lm fraction is composed almost entirely ofkaolinite 
(Table 3), which has a quite low crystallinity ac
cording to its Hinckley index (0.45). The <20 f..lm 
fraction of white kaolin contains 0.8% of ferric 
oxide and 1.2% of titanium oxide (Table 5). The 
iron and titani um content of the <2 f..lm fraction is 

_ Coloured kaolin 

o Grey kaolin 
Weathe red bedrock 

~ Mica gneiss 
~ Quartz-feldspar gneiss 

~ Amphibolite 

~ Carbonate rock 

Fig. 11 . Vuorij oki kaolin deposit. 
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Fig. 12. A cross sec tion of Vuorijoki East. 
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nearly the same (Table 4). Ilmenite and traces of 
anatase and rutile have been identified as impurities 
in the heavy mineral fraction by XRD. 

After refining, at least two thirds of white kaolin 
satisfies the brightness requirement for filler grade 
(78-85 %) and one third of white kaolin fulfi ls that 
for coating grade (> 85 %). The probable kaolin 
resources at Vuorijoki are 6.5 Mt of white kaolin, 
and 5.7 Mt of coloured and grey kaolin , together 
12.2 Mt. Most of the kaolin resources (8.1 Mt) are 
located in the East part, where the soil cover is 
thinner than in the West part. 

o , 0 

o 

~ . 
.. \~ 

\ 

N 

200m U' 

Gravity contcuriine 
r4Sb- (interval O.5m Ga/) 

=- Road 

Drill ho le 

~ TiII 

o • 0 

o 

o White kaolin 
_ Grey kaolin 

- Coloured kaolin 
_ Weathered bedrock 

~ Quartz-feldspar gneiss 
6 Mica gneiss 
G:J Graphite interlayers 
,,"'. Drill hole 

NE 

59 



Geological Survey of Finland, Special Paper (in prep.)
Olli Sarapiiä, Tapio Kuivasaari, Mauri Niemelä, Yrjö Pekkala and Jukka Reinikainen

Table 5. Brightness, yellowness, mineral and chemical composition of Vuorijoki kaolin. Analyses are mean values.

RAW <20 pm

White Coloured Grey White Coloured Grey

Brightness
Minimum
Morimum
Valid N

yellowness

69
60
85

513

l0

56
45

60
93

l0

4l
t7
60

444

42

96
80

100

44

0

0

0

0

I

0

.76

97
90

100

133

I

0

0

I

0

0

.60

97
80

100

155

I

I

0

I

0

0

.67

53
l0
85
49

24

6

a
J

I

6

0

60
25

100
140

30

2

2

4

0

I

52
l0
95

176

25

9

J

4

J

0

kaolinite
Minimum
Ma"rimum
ValidN

quartz

K-feldspar

plagioclase

muscovite

biotite

smectite

Hinckley index

sio2
ValidN

Al2O3

Ti02

FerO,

MnO

Mgo

CaO.36

Naro

KrO

c

S

HrO

TOTAL

57.27

176

23.50

1.47

2.57

.01

.85

.23

.28

l.7l

.50

l.l8

9.04

98.96

55.77
140

23.89

l.58

5.36

.02

.35

.53

.07

.88

.34

.34

10.39

99.50

52.94
49

22.37

t.27

4.66

.01

1.76

.09

.05

r.4l

2.70

2.46

8.99

99.47

45.15

513

35.30

t.2l

.83

.00

.38

.09

.25

.89

.17

.19

14.03

98.83

43.12

438

33.30

1.24

5.42

.01

.45

.13

.26

.76

.15

.07

14.t3

99.38

44.73

9l

33.87

t.t2

1.40

.00

1.09

.31

.77

.54

.62

14.10

98.98
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Table 5. Brightness, ye ll owness, mineral and chemical composi tion of Vuorij oki kao lin . Analyses are mean va lues. 

RAW <20/!m 

White Coloured Grey White Coloured Grey 

Brightness 69 41 56 
Minimum 60 17 45 
Maximum 85 60 60 
ValidN 513 444 93 

yellowness 10 42 10 

kaolinite 52 60 53 97 97 96 
Minimum 10 25 10 80 90 80 
Maximum 95 100 85 100 100 100 
ValidN 176 140 49 155 133 44 

quartz 25 30 24 0 

K-feldspar 9 2 6 0 0 

plagioclase 3 2 3 0 0 0 

muscovite 4 4 0 

biotite 3 0 6 0 0 

smectite 0 0 0 0 0 

Hinckley index .67 .60 .76 

Si02 57.27 55 .77 52.94 45 .15 43 .12 44.73 
ValidN 176 140 49 513 438 91 

Al20 3 23 .50 23.89 22.37 35.30 33 .30 33.87 

Ti02 1.47 1.58 1.27 1.21 1.24 l.l2 

Fe20 3 2.57 5.36 4.66 .83 5.42 1.40 

MnO .01 .02 .01 .00 .01 .00 

MgO .85 .35 1.76 .38 .45 1.09 

CaO.36 .23 .53 .09 .09 .13 

N~O .28 .07 .05 .25 .26 .31 

K20 1.71 .88 1.41 .89 .76 .77 

C .50 .34 2.70 .17 .15 .54 

S 1.18 .34 2.46 .19 .07 .62 

HP 9.04 10.39 8.99 14.03 14.13 14.10 

TOTAL 98 .96 99.50 99.47 98.83 99.38 98 .98 
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The Ukonkangas deposit two kilometres south-
west of Litmanen, is a part of three kilometres
long weathered zone. This is connected to the 30
km long Virtasalmi fracture, which can be seen
on the magnetic and gravity maps (Figs 3 and 4).
Most of the kaolin resources are located at
Ukonkangas, where kaolin covers an area of 700
m * 100 m. The thickness of kaolin is 10-55 m
and it is overlaid by a sandy till, 20 m thick,
whose basal part has been consolidated in places.
According to drilling the kaolin derived from
the quartz-feldspar gneiss, mica gneiss,
amphibolite and tonalite and it is surrounded by
the carbonate rock (Fig. 13).

Ukonkangas kaolin is white, light grey or
yellowish, light brown in colour, and the bright-
ness of the <20 pm fraction varies from 47 to
80Vo (Table 6). Black graphite-rich kaolin (0,3Vo
C, max 1,97o C) and white quartz rock layers are
common in kaolin at Ukonkangas (Fig. l4).

The particle size distribution widely varies
depending on the amount of kaolinite and coarse-
grained quartz. On average the proportions of
the <20 pm and the <2 pm fractions are 587o and
277o, which are lower than those at Litmanen
(Fie. e).

The kaolinite content of raw kaolin varies
from 10-100Vo on average being 427o. Addi-
tional constituents are quartz, muscovite and
feldspar. Small amounts of biotite, goethite,
ilmenite, pyrite or graphite, which stain the kao-
lin, may be present. The <20 pm fraction con-
tains 887o kaolinite and a little qvartz and mus-
covite. The titanium oxide content is quite low
(0.8%), but the iron oxide (l.2%a) is clearly
higher than at Litmanen. On the other hand the
<2 ltm fraction, which is composed of almost
entirely kaolinite, has a higher titanium oxide
content (l.4Vo) (Tables 3 and 4).

Probable kaolin resources in the Ukonkangas
deposit are 0.8 Mt. After refining kaolin fulfils
the brightness requirements for paper kaolin.
Apart from kaolin, there is about 1.2 Mt of
kaolinite-bearing quartz rock, which contains
glass-quality quartz and varying amounts of
white kaolinite. Resources of graphite-rich kao-
lin are 1.8 Mt. which could be used as brick-
clay.

Geological Survey of Finland, Special Paper (in prep.)
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Ukonkangas deposit

Table 6. Average properties of Ukonkangas kaolin

RAW <20 pm

brightness
Minimum
Maximum
Valid N

yellowness

66
47
80
69

t3

kaolinite
Minimum
Maximum
Valid N

quartz 36

K-feldspar

plagioclase

muscovite

biotite

smectite

Hinckley index

42
10

100

45

5

5

)

9

I

0

88

60
100

45

I

0

5

0

0

.49

sio2
Valid N

Al2o3

Tio2

Fero,

MnO

Mgo

CaO

Naro

KrO

C

S

HrO

TOTAL

60.24 46.03
50 69

22.s2 35.01

.94

1.98

.01

1.32

.66

.28

.80

t.t7

.01

1.04

.t4

.26

1.22 .83

.35 .19

.61 .07

9.02 13.81

99.31 99.32
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Ukonkangas deposit 

The Ukonkangas deposit two kilometres south
west of Litmanen, is apart of three kilometres 
long weathered zone . This is connected to the 30 
km long Virtasalmi fracture, which can be seen 
on the magnetic and gravity maps (Figs 3 and 4). 
Most of the kaolin resources are located at 
Ukonkangas, where kaolin covers an area of 700 
m * 100 m . The thickness of kaolin is 10-55 m 
and it is overlaid by a sandy till, 20 m thick, 
whose basal part has been consolidated in places. 
According to drilling the kaolin derived from 
the quartz-feldspar gneiss, mica gneiss , 
amphibolite and tonalite and it is surrounded by 
the carbonate rock (Fig. 13). 

Ukonkangas kaolin is white, light grey or 
yellowish, light brown in colour, and the bright
ness of the <20 11m fraction varies from 47 to 
80 % (Table 6). Black graphite-rich kaolin (0,3% 
C, max 1,9% C) and white quartz rock layers are 
common in kaolin at Ukonkangas (Fig. 14). 

The particle size distribution widely varies 
depending on the amount ofkaolinite and coarse
grained quartz. On average the proportions of 
the <20 11m and the <211m fractions are 58 % and 
27%, which are lower than those at Litmanen 
(Fig. 9). 

The kaolinite content of raw kaolin varies 
from 10-100% on average being 42 %. Addi
tional constituents are quartz, muscovite and 
feldspar . Small amounts of biotite, goethite, 
ilmenite, pyrite or graphite, wh ich stain the kao
lin, may be present. The <20 11m fraction con
tains 88 % kaolinite and a httle quartz and mus
covite. The titanium oxide content is quite low 
(0.8%), but the iron oxide (1.2%) is clearly 
higher than at Litmanen . On the other hand the 
<211m fraction, which is composed of almost 
entirely kaolinite, has a higher titanium oxide 
content (1.4%) (Tables 3 and 4) . 

Probable kaolin resources in the Ukonkangas 
deposit are 0.8 Mt. After refining kaolin fulfils 
the brightness requirements for paper kaolin. 
Apart from kaolin, there is about 1.2 Mt of 
kaolinite-bearing quartz rock, which contains 
glass-quality quartz and varying amounts of 
white kaolinite . Resources of graphite-rich kao
li n are 1. 8 Mt, w hich could be used as brick
clay. 

Table 6. Average properties of Ukonkangas kaolin 

brightness 
Minimum 
Maximum 
ValidN 

yellowness 

kaolinite 
Minimum 
Maximum 
ValidN 

quartz 36 

K-feldspar 

plagioclase 

muscovite 

biotite 

smectite 

Hinckley index 

Si02 

ValidN 

MnO 

MgO 

CaO 

C 

S 

TOTAL 

RAW 

42 
10 

100 
45 

5 

5 

5 

9 

o 

60.24 
50 

22.52 

.94 

1.98 

.01 

1.32 

.66 

.28 

1.22 

.35 

.61 

9.02 

99.31 
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80 
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88 
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100 
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46.03 
69 

35.01 
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.01 
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.26 
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Fig. 13. Ukonkangas kaolins deposit.
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Fig. 14. A cross section of Ukonkangas.
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Eteläkylä deposit

Fig. 15. Eteläkyläkaolin deposit.
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The Eteläkylä kaolin deposit is one kilometre
southeast of Litmanen and about half a kilome-
tre northwest of the closed Hällinmäki copper
mine. The surrounding bedrock is composed of
tonalite, amphibolite and carbonate rock (Fig.
15). The weathered area is 800 m long and 40-70
m wide, but the actual kaolin deposit is 300 m long
and 50 mwide andis overlaidby a 10-20mthicklayer
of sandy till. The average thickness of kaolin is 50
m. Drill hole R 697 intersected 107 m of kaolin
without reaching bedrock (Fig. 16). Kaolin
mainly formed from tonalite, and partly from
amphibolite. Kaolin passes through a 1-5 m
thick transition zone into unweathered tonalite.

The white kaolin includes light grey, white or
yellowish grey varieties with an average bright-
ness of 70Va (60-867o) in the <20 pm fraction
and a yellowness of 22Vo. Coloured kaolin is
divided into yellow and brown with a brightness
of 50Vo and 357o respectively (Table 7). The
proportions of the <2 ltm and <20 pm fractions
at Eteläkylä are 307o andlO7o, values typical of
Virtasalmi kaolins (Fig. 9).White raw kaolinFig. 16. A cross section of Eteläkylä.
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The Eteläkylä kaolin deposit is one kilometre 
southeast of Litmanen and about half a kilome
tre northwest of the c\osed Hällinmäki copper 
mine. The surrounding bedrock is composed of 
tonalite , amphibolite and carbonate rock (Fig. 
15). The weathered area is 800 m long and 40-70 
m wide, but the actual kaolin deposit is 300 m long 
and 50 m wide and is overlaid by a 10-20 m thick layer 
of sandy tiB . The average thickness of kaolin is 50 
m. Drill hole R 697 intersected 107 m of kaolin 
without reaching bedrock (Fig . 16). Kaolin 
mainly formed from tonalite , and partly from 
amphibolite. Kaolin passes through a 1-5 m 
thick transition zone into unweathered tonalite. 

The white kaolin includes light grey, white or 
yeJlowish grey varieties with an average bright
ness of 70% (60-86 %) in the <20 /-Lm fraction 
and a yellowness of 22%. Coloured kaolin is 
divided into yellow and brown with a brightness 
of 50% and 35 % respectively (Table 7). The 
proportions of the <2 /-Lm and <20 /-Lm fractions 
at Eteläkylä are 30% and 70%, values typical of 
Virtasalmi kaolins (Fig . 9).White raw kaolin 
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Table 7. Brightness, yellowness, mineral and chemical composition of Eteläkylä kaolin.
Analyses are mean values.

RAW KAOLIN <20 pm

Yellow Brown Yellow Brown

brightness
Minimum
Maximum
Valid N

yellowness

kaolinite
Minimum
Maximum
Valid N

quartz

K-feldspar

plagioclase

smectite

Hinckley index

72 85

l0 '75

98 95
277

24 15

l0

20

00

70 50 35
60 35 r7
86 58 58
85 2t 33

22 44 56

73 98 98 99
50 75 88 95
90 100 100 100
ll28713

26 lll

0000

0100

0010

- .61 .81 .78

sio,
ValidN

Al2o3

Ti02

FerO3

MnO

Mgo

CaO

Naro

KrO

c

s

Hro

TOTAL

54.4t s2.60
7t 34

29.47 30.1I

1.89 l.5l

r.29 2.26

.01 .02

.l I .14

.26 .70

.09 .00

.20 .29

.03 .04

.02 .00

12.17 12.48

100.09 100.31

44.26 44.05 42.03
203 7l 98

36.61 36.06 33.56

2.01 1.72 1.69

l.l3 2.76 6.93

.00 .01 .01

.09 .l l .20

.08 .08 .12

.19 .17 .25

.19 .26 .27

.t2 .14 .20

.01 .0t .00

t4.70 t4.76 14.61

99.68 100.38 100.21

50. l6
47

28.22

2.0't

6.47

.02

.14

.15

.01

.15

.04

.00

12.83

100.50

contains 72Vo kaolinite, yellow 857o and brown
73Vo, respectively. Coarse-grained quartz is an-
other main mineral. Muscovite, feldspars and
smectite occur in some samples, while goethite
is typical in coloured kaolins, although not de-
tected by XRD analysis. The <20 pm fraction is
almost entirely composed of kaolinite (97-
l00Vo). However. calculations based on the
chemical analyses indicate that there is 3-8Vo
goethite in coloured kaolin. The white kaolin
(<20 pm and <2 pm) also has rather high content
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of iron oxide (l .l%o) and titanium oxide (2.0Vo)
compared to Litmanen kaolin (Tables 4 andT).

The refining tests have proved that after bleach-
ing both white and coloured (yellow) kaolin often
have a brightness of 857o. However, the viscosity
concentration is too low and viscosity values are
too high for coating purposes. Probable kaolin
resources are 0.8 Mt, of which 0.44l|i4t is suitable
for paper manufacture and the rest for coloured
ceramic products.
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Table 7 . Brightness, ye ll ow ness , mineral and che mical compos ition o f Ete läkylä kao lin . 
Analyses are mean va lues . 

RAW KAOLIN <20 11m 

White Yellow Brown White Yellow Brown 

brightness 70 50 35 
Minimum 60 35 17 
Maximum 86 58 58 
ValidN 85 21 33 

yellowness 22 44 56 

kaolinite 72 85 73 98 98 99 
Minimum 10 75 50 75 88 95 
Maximum 98 95 90 100 100 100 
ValidN 27 7 II 28 7 13 

quartz 24 15 26 

K-feldspar 0 0 0 0 0 

plagioc1ase 2 0 0 0 0 

smectite 0 0 0 0 0 

Hinckley index .61 .81 .78 

SiO, 54.41 52.60 50.16 44.26 44.05 42.03 
ValidN 71 34 47 203 71 98 

AI,0 3 29.47 30.11 28.22 36.61 36.06 33.56 

TiO, 1.89 1.51 2.07 2.01 1.72 1.69 

Fe,O, 1.29 2.26 6.47 1.13 2.76 6.93 

MnO .01 .02 .02 .00 .01 .01 

MgO .11 .14 .14 .09 .11 .20 

CaO .26 .70 .15 .08 .08 .12 

Na,O .09 .00 .01 .19 .17 .25 

K,O .20 .29 .15 .19 .26 .27 

C .03 .04 .04 .12 .14 .20 

S .02 .00 .00 .01 .01 .00 

H,O 12.17 12.48 12.83 14.70 14.76 14.61 

TOTAL 100.09 100.31 100.50 99.68 100.38 100.21 

contains 72 % kaolinite, yellow 85 % and brown 
73 % , respectively. Coarse-grained quartz is an
other main mineral. Muscovite, feldspars and 
smectite occur in some sampies , while goethite 
is typical in coloured kaolins, although not de
tected by XRD analysis. The <20)..Lm fraction is 
almost entirely composed of kaolinite (97-
100%). However, caIculations based on the 
chemical analyses indicate that there is 3-8 % 
goethite in coloured kaolin. The white kaolin 
«20)..Lm and <2)..Lm) also has rather high content 

64 

of iron oxide (1.1 %) and titanium oxide (2.0%) 
compared to Litmanen kaolin (Tables 4 and 7) . 

The refining tests have proved that after bleach
ing both white and coloured (yellow) kaolin often 
have a brightness of 85 %. However, the viscosity 
concentration is too low and viscosity values are 
too high for coating purposes . Probable kaolin 
resources are 0 .8 Mt, of which 0.44 Mt is suitable 
for paper manufacture and the rest for coloured 
ceramic products. 
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Montola and Niittylampi deposits

The deposits of Montola and Niittylampi are
at Montola village some 10 km northwest of
Virtasalmi. According to the gravity map and
drilling data there is an arc-shaped,2 km long
weathered zone that follows a carbonate rock
belt and consists of two deeply kaolinized areas
called Montola and Niittylampi. The carbonate
rock at Montola, which has both calcitic and
dolomitic parts, forms a layer between the mica
gneiss and hornblende gneiss and dips 40" NE
(Metzger 1954). Other nearby kaolin deposits, a
few kilometres from these (Figs 17 and 18) will
be described later.

At Montola the kaolin occurrence is 900 m
long, 100 m wide and 10-40 m deep, and is
covered by a 20-25 m thick layer of till. The

Niittylampi kaolin deposit is 400 m long, 150 m
wide and 20-70 m deep covered by a 15-20 m
thick layer of till.

In both deposits kaolin is divided into white,
coloured and dark varieties based on brightness
and yellowness values (Table 8). White kaolin is
light grey to grey in colour while brown and
green banding is typical decreasing the average
brightness to 63Vo, 97o lower than the value of
white kaolin at Litmanen. Coloured kaolin is
usually reddish brown in colour due to high
amounts of goethite and haematite. Dark kaolin,
greenish brown in colour, occurs in the basal and
marginal parts of the deposits. The most promis-
ing part of the deposit is located under a small
lake, Lake Niittylampi, where the brightness of

x=S,0

D
N.IH!I

Fig. 17. Kaolin deposits of Montola area.
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Montola and Niittylampi deposits 

The deposits of Montola and Niittylampi are 
at Montola village some 10 km northwest of 
Virtasalmi. According to the gravity map and 
drilling data there is an arc-shaped, 2 km long 
weathered zone that follows a carbonate rock 
belt and consists of two deeply kaolinized areas 
called Montola and Niittylampi. The carbonate 
rock at Montola , which has both calcitic and 
dolomitic parts, forms a layer between the mica 
gneiss and hornblende gneiss and dips 40° NE 
(Metzger 1954). Other nearby kaolin deposits , a 
few ki lometres from these (Figs 17 and 18) will 
be described later. 

At Montola the kaolin occurrence is 900 111 

long, 100 111 wide and 10-40 m deep, and is 
covered by a 20-25 m thick layer of till. The 

CJ .. Kaolin deposit 

Weathered bedrock and 
dar!< kaolinitic clay 

C2:J Carbonate lOCk 

Mica gneiss 

Fi g. 17. Kaolin deposits of Montola area. 

Niittylampi kaolin deposit is 400 m long , 150 m 
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In both deposits kaolin is divided into white, 
coloured and dark varieties based on brightness 
and yellowness values (Table 8). White kaolin is 
light grey to grey in colour while brown and 
green banding is typical decreasing the average 
brightness to 63 %, 9 % lower than the value of 
white kaolin at Litmanen. Coloured kaolin is 
usually reddish brown in colour due to high 
amounts of goethite and haematite. Dark kaolin , 
green ish brown in colour, occurs in the basal and 
marginal parts of the deposits. The most promis
ing part of the deposit is located under a small 
lake, Lake Niittylampi, where the brightness of 
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kaolin is nearly 807o.
The particle size distribution of Montola and

Niittylampi kaolin differs from that of Litmanen
(Fig. 9), the former two clearly containing lower
proportion of the <20 pm fraction. Also the
kaolinite content of different raw kaolin types is
low, varying from 42 to 50Va (Table 8). The
other main minerals are quartz and potassium
feldspar, while some goethite and haematite are
present in coloured kaolin, and biotite in dark
kaolin. Common accessory minerals are musco-
vite, biotite, plagioclase, smectite, chlorite and
pyrite.

The chemical composition of Montola and
Niittylampi kaolin is characterized by quite high
iron, titanium and potassium concentrations (Ta-

ble 8). An exception is a drill hole (R 345) at
Niittylampi, where white kaolin has only 0.37o
FerO.,, 1.07a TiO. and 0.47a KrO in the <20 pm
fraction.

A few refining tests have been done on the
Montola and Niittylampi kaolins. The best bright-
ness value (827o) obtained from Niittylampi (R
345) kaolin meets the requirement for paper
filler. Besides paper filler, kaolin could be used
in coloured ceramic products and fire bricks.
The probable kaolin resources of the Montola
and Niittylampi deposits areT .2 Mt and possible
resources 8.7 Mt. Of these resources 0.7 Mt
(probable) and 7 Mt (possible) are of filler grade
suitable for paper manufacture.

I I White kaolin

I cobur€dkalin

I WeatheredbedDd(

,z;: Gravily conbudine (inE val

o.5m@I
O R3g5 Drillhole

--2 wa
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Fig. 18. Montola and Niittylampi kaolin deposits
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kaolin is nearly 80 %. 
The partic le size distribut ion of Montola and 

Niittylampi kaolin differs from that of Litmanen 
(Fig. 9) , the former two clearly containing lower 
proportion of the <20 /-Lm fraction. Also the 
kaolinite content of different raw kaolin types is 
low , varying from 42 to 50% (Table 8). The 
other main minerals are quartz and potassium 
feldspar , while some goethite and haematite are 
present in coloured kaolin, and biotite in dark 
kaolin. Common accessory minerals are musco
vite , biotite , plagioclase, smectite , chlorite and 
pyrite . 

The chemical composition of Montola and 
Niittylampi kaolin is characterized by quite high 
iron, titanium and potassium concentrations (Ta-

Fi g. 18. Mo nto la and Niitt y la mpi kao lin de pos its. 
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ble 8). An exception is a drill hole (R 345) at 
Niittylampi, where white kaolin has only 0.3 % 
Fe20 3, 1.0% Ti02 and 0.4% K

2
0 in the <20 /-Lm 

fraction. 
A few refining tests have been done on the 

Montola and Niittylampi kaolins. The best bright
ness value (82 %) obtained from Niittylampi (R 
345) kaolin meets the requirement for paper 
filler. Besides paper filler, kaolin could be used 
in co loured ceramic products and fire bricks. 
The probable kaolin resources of the Montola 
and Niittylampi deposits are 7.2 Mt and possible 
resources 8.7 Mt. Of these re ources 0.7 Mt 
(probable) and 7 Mt (possible) are offiller grade 
suitable for paper manufacture. 
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Table 8. Average properties of Montola-Niittylampi kaolin deposits

RAW <20 pm

White Coloured White Coloured

brightness
Minimum
Maximum
Valid N

yellowness t4

35

l3
52
l9

44

47
43
54
)

l5

63

))
79
27

kaolinite
Minimum
Maximum
ValidN

qtJar1g

K-feldspar

plagioclase

muscovite

biotite

smectite

83

65
99

5

l2

I

0

0

J

0

96 92
80 60
100 100

27 19

42 50 42
51510

90 100 75

43257

33 20 27

23 14 ls

0210

r22

133

080

Hincklev index

sio2
Valid N

A12o3

Ti02

FerO,

MnO

Mgo

CaO

NaoO

KrO

C

S

HrO

TOTAL

65.05 56.86
27 20

20.95 21.98

.95 1.33

1.83 7.06

.01 .08

.28 .84

.30 .70

.05 .t6

1.78 1.73

.l I .06

.29 .01

7.86 9.28

99.53 100.19

62.34
7

20.31

.90

3.32

.03

r.26

.43

.60

t.96

.30

.36

7.32

99.23

45.56 43.08 44.5

24195

35.49 30.47 35.18

1.25 t.37 l.16

1.22 8.71 1.35

.00 .0s .00

.28 .76 .52

.14 .26 .14

.2r .40 .26

.74 .91 .65

.23 .t4 .55

.20 .01 .64

13.93 13.52 14.07

99.32 99.87 98.94
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Table 8. Average properties of Montola-N iiuylampi kaolin deposits 

RAW <20 Jlm 

White Coloured Dark White Coloured Dark 

brightness 63 35 47 
Minimum 55 l3 43 
Maximum 79 52 54 
ValidN 27 19 5 

yellowness 14 44 15 

kaolinite 42 50 42 96 92 83 
Minimum 5 15 10 80 60 65 
Maximum 90 100 75 100 100 99 
ValidN 43 25 7 27 19 5 

quartz 33 20 27 2 2 12 

K-feldspar 23 14 15 

plagioclase 0 2 10 0 0 0 

muscovite 2 2 0 0 0 

biotite 3 3 3 

smectite 0 8 0 0 4 0 

Hinckley index .65 .40 .38 

SiOz 65.05 56.86 62.34 45.56 43 .08 44.5 
ValidN 27 20 7 24 19 5 

AlzOJ 20.95 21 .98 20.31 35.49 30.47 35.18 

TiOz .95 1.33 .90 1.25 1.37 1.16 

FezOJ 1.83 7.06 3.32 1.22 8.71 1.35 

MnO .01 .08 .03 .00 .05 .00 

MgO .28 .84 1.26 .28 .76 .52 

CaO .30 .70 .43 .14 .26 .14 

NazÜ .05 .16 .60 .21 .40 .26 

KzÜ 1.78 1.73 1.96 .74 .91 .65 

C .11 .06 .30 .23 .14 .55 

S .29 .01 .36 .20 .01 .64 

HzO 7.86 9.28 7.32 l3 .93 l3.52 14.07 

TOTAL 99.53 100.19 99.23 99.32 99.87 98.94 
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Kahdeksaisiensuo deposit

The kaolin deposit at Kahdeksaisiensuo is seven
kilometres northwest of Virtasalmi village. The
kaolin occurs as a 500 m long, 200-250 m wide and
10-60 m (av. 25 m) deep deposit (Figs 19 and 20),
which is overlaid by a 15-32 m thick till bed. White
kaolin grades through a few metres thick transition
zone, into quartz-feldspar or mica gneiss. The tran-
sition zone is composed of brown, green or dark
grey kaolinitic clay, which is rich in goethite,
chlorite, biotite, smectite or pyrite. The weathered
bedrock surrounding the kaolin is mostly com-
posed of dark kaolinitic clays that, based on drill
cuttings, are derived from mica gneiss and
amphibolite. Carbonate rock has been found in the
southeastern margin of the kaolin deposit.

Kaolin at Kahdeksaisiensuo is generally white,
light grey or light beige in colour, and occasionally
there occur a few centimetres thick, green chlorite
or dark grey graphite-pyrite bands. The average
brightness of kaolin (<20pm) is68Vo, varying from
54 to SlEo (Table 9). Particle size distribution is
similar to the other deposits at Virtasalmi (Fig. 9).
The proportions of <2 pm and <20 pm fractions are

32Vo and 64Va.

The kaolinite content of raw kaolin is 557o and in
addition there are qtJartz and feldspar, minor
amounts of muscovite and biotite, and in places
also graphite and pyrite (Table 9). The <20 pm
fraction contains kaolinite and a few percent of
quartz, traces of feldspar and biotite. Smectite has
also been identified by XRD in some samples.

The most problematic chemical impurities of
Kahdeksaisiensuo kaolin are titanium (ilmenite),
carbon (graphite) and sulphur (pyrite); however,
the amount of iron is low in fine fractions (Tables
4 and 9). The brightness of bleached kaolin is
generally of filler grade (78-857o), even occasion-
ally of coating grade (> 85Vo). The probable re-
sources have been estimated at 5.1 Mt of kaolin.
which is at least suitable as a paper filler or in
ceramics.

Table 9. Average properties of Kahdeksaisiensuo kaolin

RAW <2Opm

brightness
Minimum
Maximum
Valid N

yellowness

kaolinite
Minimum
Maximum
Valid N

quartz

K-feldspar

plagioclase

muscovite

biotite

smectite

Hinckley index

68
54

8l
163

t2

94
))

100

59

55

l5
90
62

sio2
Valid N

Al2o3

Tio2

Fero,

MnO

Mgo

CaO

Naro

KrO

C

S

HrO

TOTAL

59.06
58

25.47

t.26

l.3l

.01

.42

.35

.20

.69

.14

.34

10.00

99.41

44.93
r57

36.88

t.20

.45

.00

.18

.08

.19

.29

.24

.17

14.67

99.46
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Kahdeksaisiensuo deposit 

The kaolin deposit at Kahdeksai siensuo is seven 
kilometres northwest of Virtasalmi village. The 
kaolin occurs as a 500 m long, 200-250 m wide and 
10-60 m (av. 25 m) deep deposit (Figs 19 and 20), 
which is overlaid by a 15-32 m thick till bed. White 
kaolin grades through a few metres thick transition 
zone, into quartz-feldspar or mica gneiss. The tran
sition zone is composed of brown, green or dark 
grey kaolinitic clay, which is rich in goethite, 
chlorite, biotite, smectite or pyrite. The weathered 
bedrock surrounding the kaolin is mostly com
posed of dark kaolinitic clays that, based on drill 
cuttings , are derived from mica gneiss and 
amphibolite. Carbonate rock has been found in the 
southeastern margin of the kaolin deposit. 

Table 9. Average properties of Kahdeksaisiensuo kaolin 

Kaolin at Kahdeksaisiensuo is generally white , 
light grey or light beige in colour, and occasionally 
there occur a few centimetres thick, green chlorite 
or dark grey graphite-pyrite bands. The average 
brightness ofkaolin «20l1m) is 68%, varying from 
54 to 81 % (Table 9) . Particle size distribution is 
similar to the other deposits at Virtasalmi (Fig. 9) . 
The proportions of <211m and <20 11m fractions are 
32% and 64%. 

The kaolinite content ofraw kaolin is 55 % and in 
addition there are quartz and feldspar, minor 
amounts of muscovite and biotite, and in places 
also graphite and pyrite (Table 9). The <20 11m 
fraction contains kaolinite and a few percent of 
quartz, traces of feldspar and biotite. Smectite has 
also been identified by XRD in some sampies. 

The most problematic chemical impurities of 
Kahdeksaisiensuo kaolin are titanium (ilmenite), 
carbon (graphite) and sulphur (pyrite); however, 
the amount of iron is low in fine fractions (Tables 
4 and 9). The brightness of bleached kaolin is 
generally of filler grade (78-85%), even occasion
ally of coating grade (> 85%). The probable re
sources have been estimated at 5.1 Mt of kaolin, 
which is at least suitable as a paper filler or in 
ceramies. 
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62 
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Hinckley index 
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Valid N 58 
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MnO .01 
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C .14 

S .34 
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Hyväjärvi deposit

Lake Hyväjärvi is three kilometres east of the the western side of Lake Hyväjärvi there is frac-
Montola deposit and two kilometres west of the tured mica gneiss and on the eastern side fractured
Kahdeksaisiensuo deposit. A gravity low, which is and steeply dipping diopside amphibolite and
two and half kilometres long and a half kilometre granodiorite (Fig. 17).
wide, follows the shape of the lake and the strike of Nine percussion holes were drilled into the
the bedrock northwest to Lake Montilanlampi. On Hyväjärvi gravity low and in one hole 20 m of white

Table 10. Properties of Hyväjärvi, Montilanlampi and Tervajoensuo kaolins.

RAW KAOLIN <20 pm

HYVA MONTI TERVA HYvA TERVA
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Hyväjärvi deposit 

Lake Hyväjärvi is three kilometres east of the 
Montola deposit and two kilometres west of the 
Kahdeksaisiensuo deposit. A gravity low, which is 
two and half kilometres long and a half kilometre 
wide, follows the shape of the lake and the strike of 
the bedrock northwest to Lake Montilanlampi. On 

the western side of Lake Hyväjärvi there is frac
tured mica gneiss and on the eastern side fractured 
and steeply dipping diopside amphibolite and 
granodiorite (Fig. 17) . 

Nine percussion holes were drilled into the 
Hyväjärvi gravity low and in one hole 20 m ofwhite 

T ab le 10. Pro pe rti es o f Hyväj ärvi, Montil anl ampi and Te rvajoensuo kao lins. 
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kaolin was intersected. A dark kaolinitic clay (max. iron content of kaolinitic clay varies from 1 to I87o
70 m) was intersected in the other drill holes; this FerO.,. The magnesium, calcium, natrium and po-
was covered by a 15-30 m thick overburden of till, tassium contents are generally much higher than
mud and water. thoseof otherdeposits,whichclearlyindicatesthat

Kaolinitic clay at Hyväjärvi is generally grey or either the weathering has been incomplete or only
brownish green in colour with light grey kaolin the deepest part of the weathering profile has been
layers in places. The brightness ranges from22 to preserved.
7lVo (Table 1 0) and particle size analyses show that Gravimetrically the mass of weathered material
the proportion of the <2 pm fraction is 9-36Vo and in the Hyväjärvi minimum is estimated at 39 Mt.
that of the <20 pm fraction 3l-727o. Kaolinite Whitekaolinhasbeenencounteredonlyinonedrill
content varies from l0 to 7 5Eo while quartz, musco- hole and the quality of kaolinitic clay discovered so

vite, biotite and potassium feldspar are the other far is generally poor. However, more drill holes are

mainminerals. Somesamplescontainmuchsmectite needed for an overall size and quality estimate of
(max. 25Vo) and some sepiolite (max. 797o). The the Hyväjärvi deposit.

Montilanlampi deposit

The Montilanlampi kaolin deposit is located un-
der, a small lake of the same name, about 800 m
northwest of Kahdeksaisiensuo. The gravity mini-
mum is a continuation of the Hyväjärvi minimum and

the surrounding bedrock consists of mica gneiss and
amphibolite. From the kaolin's banded texture and
the high proportion of potassium feldspar and biotite
in the basal part of the deposit, it is concluded that
the kaolin clearly derives from the mica gneiss.

According to gravimetric measurements, the
weathered area is 1.5 km long, 400 m wide and 100

m deep, giving an estimate that there is 8 Mt of the
weathered material. The deposit is not well known,
but it appears that white kaolin occurs along its whole

length. The kaolin, which has a 15-20 m thick over-
burden, reaches at least a maximum depth of 66 m.

The brightness of kaolin is on an average 69Vo

(Table 10) and the particle size distribution is
similar to that at Litmanen. In the northern part the
kaolinite content of raw kaolin is over TUVo,butrn
the southern part only 30Va. Quartz, potassium
feldspar and biotite are the other main minerals.
The <20 pm fraction is composed mostly of
kaolinite, with feldspar, quartz and biotite. Kaolin
is characterizedby a low iron content and by low
amounts of other chemical impurities.

Beneficiation tests indicate that the brishtness
of coating grade kaolin can be achieved.

Tervajoensuo deposit

At Viholanniemi 6 km south of Joroinen two
small kaolin occurrences have been discovered,
from these Tervajoensuo is best known (Fig. 5). The
Eteläperä deposit, is poorly known. The Tervajoensuo
deposit is located on the western margin of the
Kolkonjävi fault zone where the bedrock consists of
quartz-feldspar schist (felsic volcanite), mica schist
and carbonate rock. The metamorphic grade of the
supracrustal rocks is low grade amphibolite facies.

According to gravimetric measurements, the

Tervajoensuo occurrence is 300 m long, 100 m
wide, 50 m deep and the total mass of weathered
material is 1.5 Mt. Based on a few percussion drill
holes, white kaolin forms a 20-40 m wide zone
overlaid by a 10-20 m thick layer of till.

The kaolin is only of moderate quality, 5-307o

kaolinite in raw kaolin and a low 5-657a in the <20
pm size fraction. Further, it contains much quartz,
muscovite, biotite and feldspars. Clearly the de-
posit has no economic value.

OTHER KAOLIN FINDINGS

During 1989-1991 kaolin was intensively pros-
pected in the Virtasalmi district and surrounding
areas. The main emphasis was on map sheets 323 1

and 3232, where systematically measured gravity
maps covering a large area are available. Gravity
minimums of over 0.5 mGal were checked with a light
percussion drill. Special attention was paid to mini-

mums occurring within the rockassociation of quartz-

feldspar gneiss, amphibolite and carbonate rock.
Besides the kaolin deposits described on the

previous pages, small occurrences were found at

Tutunen, Likosuo, Kaatronlampi, Nevaj ärvi, Hirsi-
kangas, Suomäki, Pölkönjärvi and Huutoniemi (Fig.
5). All these findings turned out to be too small

71

kaolin was intersected. A dark kaol initic clay (max. 
70 m) was intersected in the other drill holes ; this 
was covered by a 15-30 m thick overburden of till , 
mud and water. 

Kaolinitic clay at Hyväjärvi is generally grey or 
brownish green in colour with light grey kaolin 
layers in places . The brightness ranges from 22 to 
71 % (Table 10) and particle size analyses show that 
the proportion of the <211m fraction is 9-36% and 
that of the <20 11m fraction 31-72%. Kaolinite 
content varies from 10 to 75 % while quartz, musco
vite, biotite and potassium feldspar are the other 
main minerals . Some sampies contain much smectite 
(max . 25 %) and same sepiolite (max. 19%). The 
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iran content ofkaolinitic clay varies from 1 to 18% 
Fe20 3 . The magnesium, calcium, natrium and po
tassium contents are generally much high er than 
those of other deposits , which clearly indicates that 
either the weathering has been incomplete or only 
the deepest part of the weathering profile has been 
preserved. 

Gravimetrically the mass of weathered material 
in the Hyväjärvi minimum is estimated at 39 Mt. 
White kaolin has been encountered only in one drill 
hole and the quality ofkaolinitic clay discovered so 
far is generally poor. However, more drill holes are 
needed for an overall size and quality estimate of 
the Hyväjärvi deposit. 

Montilanlampi deposit 

The Montilanlampi kaolin deposit is located un
der, a small lake of the same name, about 800 m 
northwest of Kahdeksaisiensuo. The gravity mini
mum is a continuation ofthe Hyväjärvi minimum and 
the sunounding bedrock consists of mica gneiss and 
amphibolite. From the kaolin ' s banded texture and 
the high proportion of potassium feldspar and biotite 
in the basal part of the deposit, it is concluded that 
the kaolin clearly derives from the mica gneiss. 

According to gravimetrie measurements , the 
weathered area is 1.5 km long , 400 m wide and 100 
m deep, giving an estimate that there is 8 Mt ofthe 
weathered material. The deposit is not weil known, 
but it appears that white kaolin occurs along its whole 

length. The kaolin , which has a 15-20 m thick over
burden, reaches at least a maximum depth of 66 m. 

The brightness of kaolin is on an average 69% 
(Table 10) and the particle size distribution is 
similar to that at Litmanen. In the northern part the 
kaolinite content of raw kaolin is over 70%, but in 
the southern part only 30%. Quartz, potassium 
feldspar and biotite are the other main minerals . 
The <20 11m fraction is composed mostly of 
kaolinite , with feldspar , quartz and biotite . Kaolin 
is characterized by a low iron content and by low 
amounts of other chemical impurities. 

Beneficiation tests indicate that the brightness 
of coating grade kaolin can be achieved. 

Tervajoensuo deposit 

At Viholanniemi 6 km south of Joroinen two 
small kaolin occurrences have been discovered , 
from these Tervajoensuo is best known (Fig. 5). The 
Eteläperädeposit, is poorly known . The Tervajoensuo 
deposit is located on the western margin of the 
Kolkonjävi fault zone where the bedrock consists of 
quartz-feldspar schist (felsic volcanite) , mica schist 
and carbonate rock. The metamorphie grade of the 
supracrustal rocks is low grade amphibolite facies . 

According to gravimetrie measurements, the 

Tervajoensuo occurrence is 300 m lang, 100 m 
wide, 50 m deep and the total mass of weathered 
material is 1.5 Mt. Based on a few percussion drill 
holes , white kaolin forms a 20-40 m wide zone 
overlaid by a 10-20 m thick layer of till. 

The kaolin is only of moderate quality , 5-30% 
kaolinite in raw kaolin and a low 5-65 % in the <20 
11m size fraction. Further, it contains much quartz , 
muscovite, biotite and feldspars. Clearly the de
posit has no economic value. 

OTHER KAOLIN FINDINGS 

During 1989-1991 kaolin was intensively pros
pected in the Virtasalmi district and surrounding 
areas. The main emphasis was on map sheets 3231 
and 3232, where systematically measured gravity 
maps covering a large area are available. Gravity 
minimums of over 0.5 mGal were checked with a light 
percussion drill. Special attention was paid to mini-

mums occurring within the rock association of quartz
feldspar gneiss, amphibolite and carbonate rock. 

Besides the kaolin deposits described on the 
previous pages , small occunences were found at 
Tutunen , Likosuo, Kaatronlampi , Nevajärvi, Hirsi
kangas, Suomäki, Pölkönjärvi and Huutoniemi (Fig. 
5). All these findings turned out to be tao small 
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and/or to contain kaolin of poor quality.
Old ore drills of the GSF show that kaolin also

occurs on Cape Sikalanniemi onLake Längelmäen-
järvi and near Kirkkosaari Island on Lake Virmas-
järvi. According to the gravimetric data these
occurrences are extensive. However, further inves-
tigations were not made because they are under large
and deep lakes.

By using a low-density (6 measurements/km2)
gravity map, aerogeophysical maps and carrying
out gravimetric and Sampo-profile measurements
three other kaolin findings (Kangaslahti, Peipunen
and Kuikkalanjoki) were located in connection of

amphibolite, quartz-feldspar gneiss and carbonate
rock zone from the Pieksämäki map sheet in the
zone striking north from Kahdeksaisiensuo. Drill-
ing showed that coloured, heterogenous kaolin is
overlaid by a thick soil cover (max. 80 m).

Some kaolin prospecting was also carried out on
the Rantasalmi, Varkaus, Hankasalmi and Suonen-
joki map sheets. The work was done by using the
low-density gravity maps, aerogeophysical maps
and geophysical profile measurements. Interesting
gravity lows were checked with a percussion drill,
but new kaolin deposits were not discovered.

TECHNICAL PROPERTIES AND POSSIBLE USES

Annually the Finnish paper industry consumes
one million tonnes of kaolin. Table 1 1 summarizes
the properties of typical paper kaolins used in

Finland. Coating kaolin should have high bright-
ness, fine particle size distribution, low viscosity
and low abrasiveness. The brightness value of the

Table I L Properties of typical paper kaolins used in Finland (ECC International specifications)

Bdghtness Yellowness mms 7o m6s 70

(lSO) <2pm >10 pm

mm. mu.

m6s Yo Viscosity pH

>53 pm (Brookfield) (solids)

mu. mPs. Vo

ENGLISH

Coating:

sPs

Dinkie B

Superclay

Filler:

Grade B

Grade C

Crade D

Filler M

Grade E

AMERICAN

Filler:

Alphatex

(calsin.)

Alphagloss

Alphaplate

(delmin.)

Betagloss

85.5

E3.0

81.5

82.5

81.0

79.5

79.0

76.s

4.7

5.5

5.0

5.2

5.7

6.0

8.0

80

63

43

50

50

50

30

z)

0.2

2.0

6.0

8

8

8

ll
25

0.05

0.05

0.05

0.05

0.05

5.0

5.0

).u

5.0

5.0

5.0

7.O

7.0

7.0

350

350

250

0.o2

0.02

0.02

69 5.0

68.5 5.0

66 7.0

88.5 4.5

E6.5 5.5

0.01

o.02

0.02

9l

7.0E5.0

94

80

72.5

70.o

73.0

72

G e olog iea l Survey of Finland, Special Pape r ( in pre p. ) 

O//i Sarapöä, Tapia Klli vasoa ri, M Ol/ri Niellle/ä, Yrjö Pekko /a olld Jllkka Reinika inell 

and/or to contain kaolin of poor qu ality . 
Old ore dr ill s of the GSF show th at kaolin also 

occurs on Cape Sikalanniemi on Lake Längelmäen
j ärvi and near Kirkkosaari l sland on Lake V irmas
j ärvi. Aecording to the grav imetri e data these 
oecurrences are extensive. However, further inves
tigations were not made beeause they are under large 
and deep lakes . 

By us ing a low-dens ity (6 measurements/km 2
) 

gravity map , aerogeophysical maps and carrying 
out grav imetrie and Sampo-profile measurements 
three other kaolin findings (Kangaslahti , Pe ipunen 
and Kui kka lanjoki) were loeated in co nneeti on of 

amphibo lite, quartz-fe ld spar gne iss and carbonate 
rock zone fro m the Pieksämäki map sheet in the 
zone str iking north fro m Kahdeksaisiensuo. Drill
ing showed that colo ured , heterogenous kaolin is 
overl a id by a thiek soil cover (max. 80 m). 

Some kao lin prospeeting was a lso earried out on 
the Rantasalmi, Varkaus, Hankasalmi and Suonen
joki map heets. The work was done by using the 
low-density gravi ty maps, ae rogeophys ical maps 
and geoph ys ical profil e measurements. Interesting 
gravity lows were checked with a percussion drill , 
but new kao lin deposits were not di scovered. 

TECHNICAL PROPERTIES AND POSSIBLE USES 

A nnu ally the Fi nnish paper indu stry consumes Fi nland . Coating kaolin should have high bright-
one milli on tonnes of kao lin. T able I I summarizes ness, f ine particle size di str ibu tio n, low viscosity 
the properties of typical paper kaolin s used In and low abrasiveness. The brightness value of the 

T able 11 . Prope rlie s of typi e al pa pe r kao l in s used in Fin la nd (ECC Interna ti o nal s pee ifiea ti o ns). 

Brightness Yellowness mass% mass% mass % Viscosity pH 

(ISO) <2 ~m > I O~m >53 11m (Brookfi eld) (solids) 

min. max. max. mPas. % 

ENG LISH 

Coating: 

SPS 85.5 4.7 80 0.2 0.02 350 69 5.0 

Dinkie B 83.0 5.5 63 2.0 0.02 350 68.5 5.0 

Superclay 81.5 5.0 43 6.0 0.02 250 66 7.0 

Filler: 

Grade B 82.5 5.2 50 0.05 5.0 

Grade C 8 1.0 5.7 50 0.05 5.0 

Grade D 79.5 6.2 50 0.05 5.0 

Fi llerM 79 .0 6.0 30 I1 0.05 5.0 

Grade E 76.5 8.0 25 25 0.05 5.0 

AM ERI CAN 

Filler: 

Alphatex 90.5 4.0 91 O.Ot 5.0 

(calsin .) 

Alphagloss 88 .5 4.5 94 0.02 72.5 7.0 

A lphaplate 86.5 5.5 80 0.02 70.0 7.0 

(delamin.) 

Betag loss 85.0 7.0 95 0.02 73.0 7.0 
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imported kaolins is often over 857o, but at least
8I.5Vo. In most products more than 8O7o of the
particfes are less than 2 pm in size. Rheological
properties are also important. Suspensions with a
high solid content, more than 66Vo, and a low slurry
viscosity (Brookfield), from 250-350 mPas at 50
rpm, are typical in coating applications. Low
abrasiveness (20-30 g/m2) is also necessary. The
brightness of filler grade kaolin used by the Finnish
paper industry is within the range of 76.5-82.5Vo.The
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proportion of less than 2 prm particles is 25-50Vo.
Preliminary mineralprocessing tests on the Virtasalmi

kaolins were carried out in the laboratory of the
Kemira Research Institute at Espoo. The aim was to
find out their usefulness as coating and filler material
forpaper manufacture. The testing procedure was as
follows: sieving on a 0. 1 mm screen and hydrocycloning
of the clay fraction, which was then purified by a high
intensity magnetic separator and bleached by reducing
and oxidizing plus reducing chemicals.

Particle size distribution in the refined Virtasalmi
kaolins is equal to that of commercial coating
kaolins from England and USA (Fig. 21). In scan-
ning electron micrographs (SEM) kaolinite occurs as
separate, well-ordered plates and stacks, whose di-
ameter is usually less than 2 pm, occasionally 10-
20 ptm (Fie. 22). The proportions of <20pm and <2
pm particles in the Virtasalmi raw kaolins are on an
average 607o and30Vo (Fig.9). Because the <20 pm
fraction is composed almost entirely of kaolinite, the
recovery of the coating grade product can be in-
creased 30-607o by furthergrinding. Theparticle size

Fig. 2l Particle size distribution ofdifferent kaolin products. R 669 is
retined Litmanen kaolin. Litma -20 is the mean particle size distribution
ofthe <20pm fraction ofthis kaolin. Figure based on Sedigraph-particle
analyses at GSF; fillers I and2 are from Highley (1984).

Particle size distribution

Brightness

distribution of the <20 pm fraction kaolin is quite
similar to that of imported filler grades (Fig. 21).

The highest brightness values at Virtasalmi are
obtained from the Litmanen kaolin deposit, where
two thirds of the white kaolin reaches over 857a
(max.947o) brightness after refining and one third
79-85Vo (Table l2). The brightness of coloured
kaolin remains generally below l8Vo. AtVuorijoki
and Kahdeksaisiensuo one third and Ukonkangas a
half of white kaolin reaches coating grade bright-
ness value (> 857o) and the rest filler kaolin (78-
857o). At Eteläkylä almost all white and a major
part of coloured kaolin could be refined to give a
brightness over 857o. After refining, the white
kaolin of Montilanlampi has a brightness of over
857o and the best kaolin at Montola-Niittylampi
just over 807o.

In Table 13, the properties of an average, re-
fined kaolin from Litmanen are compared with

some ECC paper kaolins. Litmanen kaolin has
better brightness values than the ECC kaolins. It is
composed entirely of kaolinite being mineralogically
more pure than ECC's coating kaolins, SPS and
SUPER CLAY, which contain traces of potassium
feldspar, quartz and muscovite. The silicon and
potassium contents of these kaolins are much higher
than those of Litmanen and of other Virtasalmi
kaolins. The impurities that reduce brightness are
iron (goethite, haematite) and titanium minerals
(ilmenite, anatase). In the Virtasalmi kaolins both
iron and especially titanium, can be lowered by
chemical leaching and high intensity magnetic sepa-
ration (Figs 23 and24). After this refining, the iron
content of Litmanen kaolin is lower than that of SPS
while the titanium content is lower than that of
coating kaolin from Georgia.

t3

imported kaolins is often over 85 %, but at least 
81.5 %. In most products more than 80% of the 
particles are Iess than 2 f..lm in size . Rheological 
properties are also important. Suspensions with a 
high solid content, more than 66%, and a low slurry 
viscosity (Brookfield) , from 250-350 mPas at 50 
rpm, are typical in coating applications . Low 
abrasiveness (20-30 g/m2

) is also necessary. The 
brightness offiller grade kaolin used by the Finnish 
paper industry is within the range of76.5-82.5%. The 
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proportion of less than 2 f..lm particles is 25-50%. 
Prelirninary mineral processing tests on the VirtasaImi 

kaolins were carried out in the laboratory of the 
Kemira Research Institute at Espoo. The aim was to 
find out their usefulness as coating and filler material 
for paper manufacture. The testing procedure was as 
folIows: sieving on a 0.1 mm screen and hydrocycloning 
of the clay fraction, which was then purified by a high 
intensity magnetic separator and bleached by reducing 
and oxidizing plus reducing chernicals. 

Particle size distribution 

Particle size distribution in the refined Virtasalmi 
kaolins is equal to that of commercial coating 
kaolins from England and USA (Fig. 21). In scan
ning electron micrographs (SEM) kaolinite occurs as 
separate, well-ordered plates and stacks, whose di
ameter is usually less than 2 f..lm , occasionally 10-
20 f..lm (Fig . 22). The proportions of <20 f..lm and <2 
f..lm partieles in the Virtasalmi raw kaolins are on an 
average 60% and 30% (Fig. 9). Because the <20 f..lm 
fraction is composed almost entirely of kaolinite, the 
recovery of the coating grade product can be in
creased 30-60% by further grinding. The particle size 

Fi g.2 1 Particle size di stribution o f different kaolin products. R 669 is 
refined Litmanen kao lin . Litma -20 is the mean pa rticle s ize di stribution 
o f the <20~m frac ti on of thi s kao li n. Figure bascd on Sedigraph-panicle 
analyses at GSF; fillers l and 2 are fro l11 Highley ( 1984). 

distribution of the <20 f..lm fraction kaolin is quite 
similar to that of imported filler grades (Fig. 21). 
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EQUIVALENT SPHERICAL DIAMETER IN MICRONS 

Brightness 

The highest brightness values at Virtasalmi are 
obtained from the Litmanen kaolin deposit, where 
two thirds of the white kaolin reaches over 85 % 
(max. 94%) brightness after refining and one third 
79-85 % (Table 12) . The brightness of coloured 
kaolin remains generally below 78%. At Vuorijoki 
and Kahdeksaisiensuo one third and Ukonkangas a 
half of white kaolin reaches coating grade bright
ness value (> 85 %) and the rest filler kaolin (78-
85 %). At Eteläkylä almost all white and a major 
part of coloured kaolin could be refined to give a 
brightness over 85 %. After refining, the white 
kaolin of Montilanlampi has a brightness of over 
85 % and the best kaolin at Montola-Niittylampi 
just over 80%. 

In Table 13, the properties of an average, re
fined kaolin from Litmanen are compared with 

some ECC paper kaolins . Litmanen kaolin has 
better brightness values than the ECC kaolins. It is 
composed entirely ofkaolinite being mineralogically 
more pure than ECC's coating kaolins, SPS and 
SUPER CLA Y, which contain traces of potassium 
feldspar, quartz and muscovite. The silicon and 
potassium contents ofthese kaolins are much higher 
than those of Litmanen and of other Virtasalmi 
kaolins. The impurities that reduce brightness are 
iron (goethite, haematite) and titanium minerals 
(ilmenite, anatase). In the Virtasalmi kaolins both 
iron and especially titanium, can be lowered by 
chemicalleaching and high intensity magnetic sepa
ration (Figs 23 and 24). After this refining, the iron 
content of Litmanen kaolin is lower than that of SPS 
while the titanium content is lower than that of 
coating kaolin from Georgia. 
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Fig. 22. SEM-figures fromkaolin suspensions (<2pm) A. Litmanen, B. Vuorijoki (scale 1Opm), C. Ukonkangas, D. Kahdeksaisiensuo (scale 1pm).
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Fig. 22. SEM-figures fromkaolin suspensions «2iJm) A. Litmanen, B. Vuorijoki (scale lOiJm), C. Ukonkangas , D. Kahdeksaisiensuo (scale liJm). 
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Tablel2. Averagebrightnessvaluesandchemicalcompositionofrefinedkaolins(<2pm)fromVirtasalmi.Divisionintothreequalitygrades
is based on brightness values. Grade I is coating grade, grade 2 filler grade and grade 3 is brick grade.

Ukonkangas Litmanen Eteläkylä Vuorijoki Kahdeksaisiensuo

GRADE CRADE GRADE GRADE

brightness

Minimum

Maximum

Count

Number

si02

Tio2

Al2o3

FerO,

MnO

Mgo

CaO

Naro

KrO

Prot

C

S

HrO

TOTAL

66 87

60 85

76 9l

27 229

325

8t 66

78 3l

85 78

642 383

33 22

63 87

45 86

77 90

106 70

77

44.64 45.31

.64 .24

36.56 37.94

.76 .r7

.00 .00

.12 .1 I

.13 .l I

.07 .01

.22 .23

.24 .10

.22 .r2

.05 .02

15.56 15.30

80 76

78 73

84 78

274 45

184

44.83 44.80

.54 1.00

37.7s 37.78

.22 .29

.00 .00

.10 .07

.09 .10

.03 .00

.16 .20

.16 .16

.2r .19

.07 .13

15. l5 15.30

87 80 88 82 70 88

86 79 85 79 51 86

92 85 94 85 77 9l

88 41 415 330 r99 213

11529t6llr7

46.32 45.t6 44.98 44.63 43.16 45.15

.39 .13 .29 .37 .25 .46

37.86 34.42 37.70 37.19 35.28 37.77

.52 1.98 .35 .82 3.41 1.02

.00 .01 .00 .00 .00 .00

.12 1.35 .10 .r3 .13 .08

.14 .21 .11 .t2 .14 .l I

.23 .09 .02 .02 .03 .02

.50 .61 .2s .2s .25 .19

.55 .29 .22 .27 .48 .19

.13 .06 .09 . l0 .08 .05

.03 .05 .03 .03 .06 .01

14.98 15.22 15.27 15.12 15.91 15.71

44.58 44.63 43.75 44.69

.16 .42 .58 .58

36.86 35.94 34.97 37.22

t.4t 1.39 2.58 .31

.00 .00 .00 .00

.13 .19 .45 .08

.12 .13 .14 .08

.03 .04 .06 .01

.39 .53 .55 .26

.25 .37 .36 .20

.09 .07 .14

.03 .68 .17

ts.s3 15.21 15.29

82

79

85

95

9

82

82

82

26

I

45.11 42.13

.29 .33

37.37 34.39

1.47 7.63

.00 .00

.10 .13

.10 .r7

.01 .00

.17 .31

.17 .32

.05 .05

.01 .01

15.21 14.80

101.s0 99.58 99.41 99.07 99.20 100.80 100.20 100.40 99.s9 99.07 98.99 . 98.88 99.67 99.32 100.00

Count: total length of core sample

Number: mrmber of refinins tests

At Eteläkylä and Vuorijoki iron-rich, coloured
kaolins are common. However, the brightness of
some coloured kaolins rises to over 857o after refin-
ing although iron remains over I7o.In contrast,

although the Kahdeksaisiensuo kaolins have very
low iron, titanium and alkali contents, their bright-
ness is under 85Vo after refining (Table 12, grade2).
Clearly the low brightness of Kahdeksaisiensuo
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Tab le 12. Average brightness va lues and chemical composition of refin ed kaolins «2 ~m) from Virtasa lmi . Di vis ion into three quality grades 
is based on brightness va lues. Grade I is coating grade, grade 2 filler grade and grade 3 is brick grade. 

brightness 

Minimum 

Maximum 

Count 

Number 

Si02 

Ti02 

AI20 3 

Fe20 ) 

MnO 

MgO 

CaO 

C 

S 

TOTAL 

Ukonkangas 

GRADE 

2 

80 

79 

85 

88 

85 

94 

Litmanen 

GRADE 

2 

82 

79 

85 

3 

70 

51 

77 

88 

86 

91 

87 

86 

92 

88 

II 

41 415 330 199 213 

5 29 16 11 17 

Deposit 

Eteläkylä 

GRADE 

2 

82 

79 

85 

95 

9 

3 

66 

60 

76 

87 

85 

91 

Vuorijoki 

GRADE 

2 3 

81 66 

78 31 

85 78 

27 229 642 383 

3 25 33 22 

Montola 

GRADE 

2 

82 

82 

82 

3 

63 

45 

77 

26 106 

7 

Kahdeksaisiensuo 

87 

86 

90 

GRADE 

2 

80 

78 

84 

70 274 

7 18 

3 

76 

73 

78 

45 

4 

46.32 45 .16 44.98 44.63 43 .16 45 .15 45.11 42 .13 44.58 44.6343.75 44.69 44.64 45.31 44.83 44.80 

.39 .13 .29 .37 .25 .46 .29 .33 .16 .42 .58 .58 .64 .24 .54 1.00 

37.86 34.42 37.70 37.19 35.28 37.77 37.37 34.39 36.86 35.94 34.97 37.22 36.56 37.94 37.75 37.78 

.52 1.98 .35 .82 3.41 1.02 1.47 7.63 1.41 1.39 2.58 .31 .76 .17 

.00 .0 I .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 

.1 2 1.35 .10 .13 .13 .08 .10 .13 .13 .19 .45 .08 .12 .11 

.1 4 .21 .11 .12 .14 .11 .10 .17 .12 .13 .14 .08 .13 .11 

.23 .09 .02 .02 .03 .02 .01 .00 .03 .04 .06 .01 .07 .01 

.50 .61 .25 .25 .25 .19 .17 .31 .39 .53 .55 .26 .22 .23 

.55 .29 .22 .27 .48 .19 .17 .32 .25 .37 .36 .20 .24 .10 

.13 .06 .09 .10 .08 .05 .05 .05 .09 .07 .14 .22 .12 

.03 .05 .03 .03 .06 .01 .01 .01 .03 .68 .17 .05 .02 

.22 

.00 

.10 

.09 

.03 

.16 

.16 

.21 

.07 

.29 

.00 

.07 

.10 

.00 

.20 

.16 

.19 

.13 

14.98 15.22 15.27 15.12 15.91 15 .7 1 15.21 14.80 15.53 15.21 15 .29 15.56 15.30 15 .15 15.30 

101.50 99.58 99.41 99.07 99.20100.80100.20100.40 99.59 99.07 98.99 . 98.88 99.67 99.32 100.00 

Count = totallength of core sampie 

Number = number of refining tests 

At Eteläkylä and Vuorijoki iron-rieh, eoloured 
kaolins are eommon. However, the brightness of 
some eoloured kaolins rises to over 85% after refin
ing although iron remains over I %. In eontrast, 

although the Kahdeksaisiensuo kaolins have very 
low iron, titanium and alkali eontents, their bright
ness is under 85% after refining (Table 12, grade 2). 
Clearly the low brightness of Kahdeksaisiensuo 
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Tablel3. MineralandchemicalcompositionofthemostcommonpaperkaolinsusedinFinland,comparedwiththeaveragevaluesofrefined
kaolins from Litmanen. The paper kaolins are random samples from the Kotka plant ofECC International.

SPS SUPER C DINKIE GEORGIA OPACITEX

(calcined)

LITMANEN

Brightness

Kaolinite

Quartz

K-feldspar

Plagioclase

Muscovite

85

95

tI

tr

0

tr

84

95

tr

tr

tr

tr

83

95

tr

tr

0

tr

85

100

0

0

0

0

88

100

0

0

0

0

79

amorf

0

0

0

0

si02

Ti02

Al2o3

FerO,

Mno

Mgo

CaO

Naro

Kro

Prot

C

S

Hto

TOTAL

48.36

0.04

36.44

0.73

0.00

0.28

0.05

0.14

2.23

0.06

<0.05

0.03

t2.51

100.86

45.96

0.93

38.67

0.64

0.00

0. l0

0.04

0.18

0.1I

0.06

<0.05

0.03

12.51

100.83

51.09

2.87

42.83

l.ll
0.00

0.12

0.19

0.23

0.23

0.07

<0.09

0.01

1.03

99.85

44.98

0.29

37.70

0.35

0.00

0.10

0.1I

0.02

0.25

0.22

0.09

0.03

15.27

99.45

48.22 49.08

0.09 0.05

37 .24 36. l3

0.66 0.75

0.00 0.01

0.26 0.25

0.04 0.05

0.10 0.13

1.53 2.s8

0.06 0.04

<0.05 <0.05

0.02 0.02

13.40 11.90

101.64 100.98

Brightness 7"

T
' < 10O u

xrefined<2u
.+

100

70

60

50
Fig.23. The effect of iron and titanium contents on the brightness
values. The processed samples were selected from Litmanen and
Eteläkylä drill cores. Fraction <100 pm is wet sieved, <2 p-
hydrocyclonized, and the refined <2 pm fraction is purified by both
magnetic and chemical methods.
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Table 13. Minera l and chemical composition of the most common paper kaolins used in Finland , compared with the average va lues of refined 
kaolins from Litmanen. The paper kaolins are random sampies from the Kotka plant of ECC International. 

SPS SUPERC DINKIE 

Brightness 85 84 83 

Kaolinite 95 95 95 

Quartz tr tr tr 

K-feldspar tr tr tr 

Plagioclase 0 tr 0 

Muscovite tr tr tr 

Si02 48.22 49.08 48.36 

Ti02 0.09 0.05 0.04 

AI20 J 37.24 36.13 36.44 

Fe20 J 0.66 0.75 0.73 

Mno 0.00 0.01 0.00 

MgO 0.26 0.25 0.28 

CaO 0.04 0.05 0.05 

N~O 0.10 0.13 0.14 

K20 1.53 2.58 2.23 

P20 S 0.06 0.04 0.06 

C <0.05 <0.05 <0.05 

S 0.02 0.02 0.03 

H20 13.40 11.90 12.51 

TOTAL 101.64 100,98 100.86 

Brightness % 
100 ,-----------~------------~----------_. 

60 1--________ --, 

• < 100 u 

50 + '<'2,, ' 

* refined < 2 u 

+ 
.+. ' .+ . 

.+ 

40 ~---------J~------------L-----------~ 

o 2 4 6 

Ti02+Fe203 % 

76 

GEORGIA OPACITEX LITMANEN 

(calcined) 

85 79 88 

100 amorf 100 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

45.96 51.09 44.98 

0.93 2.87 0.29 

38.67 42.83 37.70 

0,64 1.11 0.35 

0.00 0.00 0.00 

0.10 0.12 0.10 

0.04 0.19 0.11 

0.18 0.23 0.02 

0.11 0.23 0.25 

0.06 0.07 0.22 

<0.05 <0.09 0.09 

0.03 0.01 0.03 

12.51 1.03 15.27 

100.83 99.85 99.45 

Fig. 23. The effect of iron and titanium contents on the brightness 
values . The processed sampies were se lected from Litmanen and 
Eteläkylä drill cores. Fraction < 100 ~m is wet sieved, <2 ~m 
hydrocyclonized, and the refined <2 ~m ffaction is purified by both 
magnetic and chemical methods. 



95
1.4

1.2

1.6

< 100 micron < 2 micron refined < 2 micron

Fig. 24. Iron and titanium contents of wet sieved sample (<l00pm),
water hydrocycloned (<2 pm) and refined (<2 pm). Core samples
from Litmanen.

kaolin is mainly caused by carbon (O.l-O-3Vo),
which occurs as minor amounts of graphite (Fig.
25). After heating these kaolin samples for one
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Brightness %

:\.

CV"

(TiO2+Fe2O3) < 1

Fig. 25. The effect of graphite on kaolin brightness at Kahdeksaisien-
suo. The content of TiOr+FerO, is less than 17o in these samples.

hour at 1000'C the average brightness values rose
by 7 percent units.

0.30.1

85
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75 1

0

Viscosity

An essential requirement of kaolin for paper particles are ball-bearings between coarse particles.
coating applications is a high solids content and a Viscositycanbeoftenimprovedbyblendingfineand
low viscosity value at a high shear rate. These coarse kaolins with each other or by mechanical
flowing properties of kaolin slurries are affected working.
by specific surface area, particle size, shape and AtVirtasalmitheconcentrationof solids andthe
packing (Jepson 1984, Störr 1985, Bundy and Ishley viscosity values of the kaolins vary widely (Table
199l,Prasadetal.l991).Thepresenceofcontami- l4).Thereasonforthisvariationisnotfullyunder-
nants, such as soluble salts and expansive minerals stood. One problem is that only drill core samples
(e.g. smectite), even in amounts of l-2To,adversely are available fortesting and so possible contamina-
affects flowing properties. Illite and halloysite may tion during drilling may affect viscosity. The main
also be harmful. Extremely fine-grained smectite cause of poor viscosity is probably smectite, which
can be removed by continuous centrifuging or its has been identified in a few samples. However,
effect modified by chemical treatment (Prasad et further investigations of very fine fractions (<0.2
al. 1991). Low viscosity kaolins have usually bi- pm) are needed to establish its abundance. It is
modal particle size distribution so that fine kaolinite interesting that at Litmanen viscosity is good in the

Table 14. Viscosity of Litmanen kaolin

METRES NOTICEDRILL
HOLE

VISCOSITY
Brookfield Solids
100rpm 50rpm %
cP cP

R 587
R 588
R 590
R 501

R 530
F.522

R 537
R 538

46-51
17-22
20-42
32-55
30-36
t1-47
30-95
46-51
l9-3

300
770
410
550

6370
976

2700
>2000

800

280
820
440
640

9280
1030
1380

640
540

65.8
66.4
66.8
68.5
65.3
68.4
67.2
66.7
64.0

High viscosity
Dilatant
Dilatant
Dilatant
Dilatant

77

% 
1.6 ,------------------------------------, 

1.4 

1.2 

. FE203 
0.8 

0 .6 

0 .4 

0 .2 

0 
< 100 micro n < 2 m ic ro n ref ined < 2 micron 

Fig. 24. Iron and titanium conte nts of wet sieved sampie « 100 11m), 
water hyd rocycloned «2 11m) and refined «2 11m). Core sampIes 
from Litmanen. 

kaolin is mainly caused by carbon (0.1-0.3%), 
which occurs as minor amounts of graphite (Fig. 
25). After heating these kaolin sampies for one 
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Brightness % 
100 ,------------------------------------. 

95 

90 

85 

80 

75 
0 0 .1 0.2 0 .3 

C % 

(Ti02+Fe203) < 1 

Fig. 25. The effect of graphite on kao l in brightness at Kahdeksaisien
suo. The conte nt of TiO,+Fe,0 3 is less than I % in these sampies. 

hour at 1000 oe the average brightness values rose 
by 7 percent units. 

Viscosity 

An essential requirement of kaolin for paper 
coating applications is a high solids content and a 
low viscosity value at a high shear rate. These 
flowing properties of kaolin slurries are affected 
by specific surface area, particle size, shape and 
packing (Jepson 1984, Störr 1985, Bundy and Ishley 
1991 , Prasad et al. 1991). The presence of contami
nants, such as soluble salts and expansive minerals 
(e.g. smectite), even in amounts of 1-2%, adversely 
affects flowing properties. Illite and halloysite may 
also be harmful. Extremely fine-grained smectite 
can be removed by continuous centrifuging or its 
effect modified by chemical treatment (Prasad et 
al. 1991). Low viscosity kaolins have usually bi
modal particle size distribution so that fine kaolinite 

Table 14. Viscos ity of Litmanen kaolin 

particles are ball-bearings between coarse particles. 
Viscosity can be often improved by blending fine and 
coarse kaolins with each other or by mechanical 
working . 

At Virtasalmi the concentration of solids and the 
viscosity values of the kaolins vary widely (Table 
14) . The reason for this variation is not fully under
stood. One problem is that only drill core sampies 
are available for testing and so possible contamina
tion during drill ing may affect viscosity. The main 
cause of poor viscosity is probably smectite, which 
has been identified in a few samples. However, 
further investigations of very fine fractions «0.2 
/J.m) are needed to establish its abundance. It is 
interesting that at Litmanen viscosity is good in the 

DRlLL METRES VISCOSITY NOTICE 
HOLE Brookfield So lids 

100 rpm 50 rpm % 
cP cP 

R587 46-51 300 280 65.8 
R588 17-22 770 820 66.4 
R590 20-42 410 440 66.8 
R 501 32-55 550 640 68.5 
R530 30-36 6370 9280 65.3 High viscosity 
R522 11-47 976 1030 68.4 Dilatant 

30-95 2700 1380 67.2 Dilatant 
R537 46-51 >2000 640 66.7 Dilatant 
R 538 19-3 800 540 64.0 Dilatant 
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East and West occurrences, where the kaolin is
derived from quartz-feldspar gneiss, but poor vis-
cosity in the Central occurrence, where the kaolin
is derived from amphibolite. At Vuorijoki and
Kahdeksaisiensuo, a tubular mineral associated

with kaolinite in some SEM-figures; IR-studies
identify this as also kaolinite (Fig. 22 b, d). The
high viscosity of the Litmanen kaolin does not
correlate with so-called Hincklev crvstallinitv.

Abrasiveness

The abrasiveness of the Virtasalmi kaolins was
determined by Einlehrer 1000 At (1450 rpm) at Oy
Lohja Ab. These kaolins do not contain quartz or
other impurities in fine fractions, which can in-
crease the abrasiveness. Accordingly, measured

abrasiveness values for the Litmanen kaolin (<2
pm) are 4.9 - 18 glm2 and for the Vuorijoki kaolin
14.8-21.4 glm2, which are in the same range or
lower than those values for SPS kaolin (18 g/mr).

Uses for the Virtasalmi kaolin deposits

Based on drilling and laboratory scale refining
tests, the kaolin deposits at Litmanen, Vuorijoki,
Ukonkangas, Eteläkylä and Kahdeksaisiensuo con-
tain together about 18 Mt of white kaolin (Fig. 26).
One third appears suitable for paper coating and the
rest (213) for paper filler. Additional studies are
clearly required, for example of viscosity. Apart
from white kaolin, the Virtasalmi deposits contain
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Fig.26. Kaolin resources at Virtasalmi

Kaolin deposits are generally divided into re-
sidual (weathering), hydrothermal and sedimen-
tary deposits (Patterson and Murray 1984, Edwards
and Atkinson 1986, Murray and Keller 1993).
Those kaolin deposits formed by weathering,
hydrothermal or mixed hydrothermal and weath-
ering processes are regarded as primary, being
formed in situ by the alteration of feldspars or
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l6 Mt of coloured and grey kaolin. Because only a
minor part of the coloured kaolin can be refined for
paper kaolin, other uses have been investigated.
Fire brick tests have proved to be satisfactory both
at laboratory and factory scale. At present, other
ceramic tests (pottery industry) are also being made
on both white and coloured kaolin. The preliminary
results from the refined kaolin of Litmanen indi-
cate that the fired brightness and the other ceramic
properties meet the requirements for the manufac-
ture of whiteware ceramics (Vesterinen et al. l99S).

Virtasalmi kaolin contains 25-35 Vo quartz, which
may be used as abyproduct. Aftera simple processing
test, where quartz was first separated from the kaolin
by washing and then magnetically purified, quartz
concentrates from Litmanen and Vuorijoki drill
cores contain over 99 7o SiO., 0.02 7o Fe,O3 and
0.02Va Al20r. corresponding ro rhe qualitybf glass
quartz (Sarapää et al. 1992b). The average grain
size,0.25 mm, is also suitable for that purpose.

A glacial overburden of mainly till, usually l0-
30 m thick, ovelies the kaolin. Because of its
particle size distribution, the sandy till is suitable
material for the construction of dams and roads, in
the potential mining area (Nenonen and Stylman
1989).

other aluminium silicates, while sedimentary
kaolins are of secondary origin (Bristow 1980,
1987; Kuzvart 1984). Residual kaolin deposits are
irregularly shaped and grade downwards through
partly kaolinized rock to unweathered parent rock.
The depth of kaolinization can vary from a few
metres up to one hundred metres, and is typically
30-50 m while the kaolinite content is 10-60%o
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East and West occurrences, where the kaolin is 
derived from quartz-feldspar gneiss, but poor vis
cosity in the Central occurrence, where the kaolin 
is derived from amphibolite. At Vuorijoki and 
Kahdeksaisiensuo, a tubular mineral associated 

with kaolinite in some SEM-figures; IR-studies 
identify this as also kaolinite (Fig. 22 b, d) . The 
high viscosity of the Litmanen kaolin does not 
correlate with so-called Hinckley crystallinity. 

A brasi veness 

The abrasiveness of the Virtasalmi kaolins was 
determined by Einlehrer 1000 At (1450 rpm) at Oy 
Lohja Ab . These kaolins do not contain quartz or 
other impurities in fine fractions , which can in
crease the abrasiveness. Accordingly , measured 

abrasiveness values for the Litmanen kaolin «2 
jl.m) are 4.9 - 18 g/m 2 and for the Vuorijoki kaolin 
J 4 .8-21.4 g/m 2

, which are in the same range or 
lower than those values for SPS kaolin (18 g/m 2

). 

Uses for the Virtasalmi kaolin deposits 

Based on drilling and laboratory scale refining 
tests , the kaolin deposits at Litmanen , Vuorijoki , 
Ukonkangas, Eteläky lä and Kahdeksaisiensuo con
tain together about 18 Mt of white kaolin (Fig. 26). 
One third appears suitable for paper coating and the 
rest (2/3) for paper filler. Additional studies are 
clearly required, for ex am pie of viscosity. Apart 
from white kaolin , the Virtasalmi deposits contain 
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Fig. 26. Kaolin resources at Virtasalmi. 

16 Mt of coloured and grey kaolin. Because only a 
minor part of the coloured kaolin can be refined for 
paper kaolin , other uses have been investigated. 
Fire brick tests have proved to be satisfactory both 
at laboratory and factory scale. At present, other 
ceramic tests (pottery industry) are also being made 
on both white and coloured kaolin . The preliminary 
results from the refined kaolin of Litmanen indi
cate that the fired brightness and the other ceramic 
properties meet the requirements for the manufac
ture ofwhiteware ceramics (Vesterinen et al. 1995). 

Virtasalmi kaolin contains 25-35 % quartz, which 
may be used as a byproduCL After a simple processing 
test, where quartz was first separated from the kaolin 
by washing and then magnetically purified, quartz 
concentrates from Litmanen and Vuorijoki drill 
cores contain over 99 % Si0

2
, 0 .02 % Fep3 and 

0.02 % AlP3' corresponding to the quality of glass 
quartz (Sarapää et al. 1992b). The average grain 
size, 0.25 mm, is also suitable for that purpose. 

A glacial overburden of mainly till, usually 10-
30 m thick, ovelies the kaolin. Because of its 
particle size distribution , the sandy till is suitable 
material for the construction of dams and roads , in 
the potential mining area (Nenonen and Stylman 
1989) . 

GENESIS OF THE VIRTASALMI KAOLIN DEPOSITS 

Kaolin deposits are generally divided into re
sidual (weathering), hydrothermal and sedimen
tary deposits (Patterson and Murray 1984, Edwards 
and Atkinson 1986, Murray and Keller 1993) . 
Those kaolin deposits formed by weathering, 
hydrothermal or mixed hydrotherm al and weath
ering processes are regarded as primary , being 
formed in situ by the alteration of feldspars or 
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other aluminium silicates, while sedimentary 
kaolins are of secondary origin (Bristow 1980, 
1987; Kuzvart 1984). Residual kaolin deposits are 
irregularly shaped and grade downwards through 
partly kaolinized rock to unweathered parent rock. 
The depth of kaolinization can vary from a few 
metres up to one hundred metres , and is typically 
30-50 m while the kaolinite content is 10-60% 



(Bray and Spooner 1983, Harben and Bates 1990).
Hydrothermal kaolin deposits have been associ-
ated with joints, faults, pyroclastic beds or other
permeable zones and they form elongate pods,
tubular bodies and irregular masses (Murray 1988).
Hydrothermal china clay (kaolin) deposits of Corn-
wall, form funnel-shaped bodies in a kaolinized
granite extending 200 m below the surface (Bristow
1993). Sedimentary kaolins have been deposited in
a fresh water environment and generally cover
extensive areas (Murray 1988). The largest kaolin
deposits in the world are in the South Carolina-
Georgia-Alabama belt and occur as lenticular lay-
ers or lenses (max. length 18 km) with thickness
from a few metres to 25 metres. They were depos-
ited with quartz sands in a tidal-flat environment
(Patterson and Murray 1984). A high kaolinite
content, from 607o to 957o, is typical of sedimen-
tary kaolins.

At Virtasalmi the kaolin grades gradually first to
a fine- to coarse-grained weathered rock and fi-
nally to a hard parent rock, which has been ob-
served from several drill cores. The mineralogical
and geochemical studies also suggest a weathering
origin for these kaolins. Vertical variation through
the deposits is similar to that in tropical weathering
profiles (Sarapää in press), and all typical
hydrothermal minerals such as dickite, nacrite,
halloysite, allophane, alunite, cristobalite and opal
are missing from Virtasalmi kaolins. The narrow
and deep shape of many kaolin deposits at Virtasalmi
can be explained by the present erosion level,
where only the roots of the weathering crust are
left.

Kaolinization is most effective in subtropical
and tropical forest zones and savannahs, where the
rainy and dry seasons alternate. According to Störr
et al. (1978), the mean annual temperature should
be at least 16-18 "C and the annual rainfall at least
one metre to cause intensive kaolinization. At
present, such tropical conditions mainly prevail in
areas between latitudes 30'S and 30'N (Bärdossy
and Alova 1990).

Based on palaeomagnetic studies, the Fenno-
scandian Shield was at low or moderate latitudes
throughout most of the Proterozoic and the
Paleozoic, at least until the Permian (Pesonen et al.
1989). At Virtasalmi kaolinization already started
in the Mesoproterozoic, an absolute K-Ar-age of
1 180 Ma for kaolinization has been obtained from
an authigenic illite in the Litmanen kaolin (Sarapää
in press). Neoproterozoic sedimentary kaolins in
the Iso-Naakkima basin 25 km northwest of
Litmanen provide probable supporting evidence
(Elo et al. 1993).

Deep kaolinization takes place usually along
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tectonically affected zones (Störr et al.1978), where
fractures, cracks, joints, faults in parent rocks pro-
mote weathering. The Virtasalmi kaolins are asso-
ciated with a quartz-feldspar gneiss - amphibolite -
carbonate rock belt and the shapes of the deposits
conform closely to the fold structures and the strike
of bedrock. The best quality kaolin and large parts
of the deposits appear to occur in fold crests, most
clearly at Vuorijoki, Litmanen and Kahdek-
saisiensuo. At the localities, the quartz-feldspar
gneiss layers have thickened by repetition during
isoclinal folding. The NW-trending Virtasalmi frac-
ture is a 3-5 km wide zone cutting through the
kaolin area. It is probably associated with the
Raahe-LadogaZone, where there have been small
tectonic movements along ancient, deep fractures
during younger orogenic events.

The quality of kaolin greatly depends on the
mineralogy of a parent rock. The white kaolin is
most likely formed from a parent rock in which the
amount of mafic minerals is low (Kuzvart 1984).
The weathering order of igneous minerals broadly
follows Bowen's scheme and plagioclase is
kaolinized more easily than potassium feldspar,
biotite and muscovite. A high potassium content
favours the formation of illite instead of kaolinite.
A high content of mafic minerals in the parent rock
favours the formation of iron oxides and smectite,
which are harmful for the colour and viscosity of
the kaolin.

At Virtasalmi the parent rock of white kaolin has
usually been quartz-feldspar gneiss, tonalite or
granodiorite. The mineral composition of these
rocks is ideal for formation of high quality kaolin;
the plagioclase content is high, about 50%, the
amounts of potassium feldspar (5-ll%a) andmafic
minerals (10-157o) are low. The small grain size of
plagioclase in quartz-feldspar gneiss (0.3 mm) and
granitoids (0.5 mm) provides a large reaction sur-
face for efficient weathering. A steep axial plane
schistosity, foliation, jointing and banding, typical
of the rocks at Virtasalmi, provide space for solu-
tions to pass.

The dominant clay mineral in Virtasalmi kaolin
is kaolinite. The average kaolinite content of white
raw kaolin varies from 40 to 7 57o and that of quartz
from 25 to 35Vo in individual deposits. In many
places the kaolinite content increases to lo07o.
Partial quartz solution is indicated by a higher
qtartz content on the margins and in the lower parts
of the kaolin deposits (Sarapää in press). Since
quartz-feldspar gneiss and tonalite originally con-
tained abundant quartz, weathering and leaching
processes must have been very efficient to dissolve
it. The high kaolinite content, low amount of the
other clay minerals and the partial solution of
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(Bray and Spooner 1983, Harben and Bates 1990). 
Hydrothermal kaolin deposits have been associ
ated with joints , faults, pyroclastic beds or other 
permeable zones and they form elongate pods, 
tubular bodies and irregular masses (Murray 1988). 
Hydrothermal china clay (kaolin) deposits ofCorn
wall, form funnel-shaped bodies in a kaolinized 
granite extending 200 m below the surface (Bristow 
1993). Sedimentary kaolins have been deposited in 
a fresh water environment and generally cover 
extensive areas (Murray 1988) . The largest kaolin 
deposits in the world are in the South Carolina
Georgia-Alabama belt and occur as lenticular lay
ers or lenses (max. length 18 km) with thickness 
from a few metres to 25 metres. They were depos
ited with quartz sands in a tidal-flat environment 
(Patterson and Murray 1984) . A high kaolinite 
content, from 60% to 95 %, is typical of sedimen
tary kaolins . 

At Virtasalmi the kaolin grades gradually first to 
a fine- to coarse-grained weathered rock and fi
nally to a hard parent rock, which has been ob
served from several drill cores. The mineralogical 
and geochemical studies also suggest a weathering 
origin for these kaolins. Vertical variation through 
the deposits is similar to that in tropical weathering 
profiles (Sarapää in press), and all typical 
hydrothermal minerals such as dickite, nacrite, 
halloysite, allophane, alunite, cristobalite and opal 
are missing from Virtasalmi kaolins. The narrow 
and deep shape of many kaolin deposits at Virtasalmi 
can be explained by the present erosion level, 
where only the roots of the weathering crust are 
left. 

Kaolinization is most effective in subtropical 
and tropical fore st zones and savannahs , where the 
rainy and dry seasons alternate. According to Störr 
et a1. (1978) , the mean annual temperature should 
be at least 16-18 °C and the annual rainfall at least 
one metre to cause intensive kaolinization . At 
present, such tropical conditions mainly prevail in 
areas between latitudes 30° Sand 30° N (Bardossy 
and Alova 1990) . 

Based on palaeomagnetic studies, the Fenno
scandian Shield was at low or moderate latitudes 
throughout most of the Proterozoic and the 
Paleozoic, at least until the Permian (Pesonen et a1. 
1989). At Virtasalmi kaolinization already started 
in the Mesoproterozoic, an absolute K-Ar-age of 
1180 Ma for kaolinization has been obtained from 
an authigenic illite in the Litmanen kaolin (Sarapää 
in press) . Neoproterozoic sedimentary kaolins in 
the Iso-Naakkima basin 25 km northwest of 
Litmanen provide probable supporting evidence 
(Elo et a1. 1993). 

Deep kaolinization takes place usually along 
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tectonically affected zones (Störret al. 1978), where 
fractures, cracks, joints, faults in parent rocks pro
mote weathering. The Virtasalmi kaolins are asso
ciated with a quartz-feldspar gneiss - amphibolite -
carbonate rock belt and the shapes of the deposits 
conform closely to the fold structures and the strike 
of bedrock. The best quality kaolin and large parts 
of the deposits appear to occur in fold crests, most 
clearly at Vuorijoki, Litmanen and Kahdek
saisiensuo . At the localities, the quartz-feldspar 
gneiss layers have thickened by repetition during 
isoclinal folding . The NW -trending Virtasalmi frac
ture is a 3-5 km wide zone cutting through the 
kaolin area. It is probably associated with the 
Raahe-Ladoga Zone, where there have been small 
tectonic movements along ancient, deep fractures 
during younger orogenic events . 

The quality of kaolin greatly depends on the 
mineralogy of a parent rock . The white kaolin is 
most likely formed from a parent rock in which the 
amount of mafic minerals is low (Kuzvart 1984) . 
The weathering order of igneous minerals broadly 
follows Bowen's scheme and plagioclase is 
kaolinized more easily than potassium feldspar , 
biotite and muscovite . A high potassium content 
favours the formation of illite instead of kaolinite. 
A high content of mafic minerals in the parent rock 
favours the formation of iron oxides and smectite, 
which are harmful for the colour and viscosity of 
the kaolin. 

At Virtasalmi the parent rock of white kaolin has 
usually been quartz-feldspar gneiss, tonalite or 
granodiorite . The mineral composition of these 
rocks is ideal for formation of high quality kaolin; 
the plagioclase content is high, about 50%, the 
amounts of potassium feldspar (5-10%) and mafic 
minerals (10-15 %) are low. The small grain size of 
plagioclase in quartz-feldspar gneiss (0.3 mm) and 
granitoids (0.5 mm) provides a large reaction sur
face for efficient weathering. A steep axial plane 
schistosity, foliation , jointing and banding, typical 
of the rocks at Virtasalmi, provide space for solu
tions to pass. 

The dominant clay mineral in Virtasalmi kaolin 
is kaolinite. The average kaolinite content of white 
raw kaolin varies from 40 to 75% and that of quartz 
from 25 to 35 % in individual deposits . In many 
pi aces the kaolinite content increases to 100%. 
Partial quartz solution is indicated by a higher 
quartz content on the margins and in the lower parts 
of the kaolin deposits (Sarapää in press) . Since 
quartz-feldspar gneiss and tonalite originally con
tained abundant quartz, weathering and leaching 
processes must have been very efficient to dissolve 
it. The high kaolinite content, low amount of the 
other clay minerals and the partial solution of 
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quartz, they all indicate that the climate during
kaolinization has been warm and humid and drain-
age conditions favourable. A small amount of py-
rite in parent rocks and in the kaolin suggests that
the weathering environment and conditions have
been acidic and reducing. Fractured parent rocks,
associated with carbonate rocks have provided a

good drainage system for circulating waters.
An interesting question is how the Virtasalmi

kaolin has escaped erosion from the Mesoprotero-
zoic to the present. As noted earlier, the Virtasalmi
kaolin area is in the middle of undulating terrain.
The geomorphology of the area may indicate an
ancient peneplane or a partly stripped plain, which
was later only slightly reworked by glacial erosion.
The present erosion level or the upper surface of
kaolin is generally 70-90 m a.s.l. The Virtasalmi
kaolins have been preserved below this surface.

The largest and deepest kaolin deposits are dis-
tinctly concentrated in the area between Hällinmäki
and Montola. Small and shallow deposits have been
discovered at a maximum distance of 20 km to the
north and 15 km to the south and east of Litmanen.

There has been kaolin exploration over a much
wider area, but with little success. Kaolinization
has been most intensive and/or erosion slightest in
the Litmanen area. This is shown by the largest
thicknesses of kaolin, the highest kaolinite content,
the highest brightness values, the lowest contents
of iron and other impurities and best the viscosity
values.

The original weathering crust probably covered
a much larger area, but only the deepest parts of
kaolin, in depressions, has escaped glacial erosion
and been preserved. The morphology of the
Virtasalmi area distinctly differs from the sur-
rounding area, and it is possible that the whole area
subsided and escaped erosion. Such subsidence
may be related to the Raahe-LadogaZone.

In Central Europe almost all kaolin deposits are
covered by sedimentary rocks that have protected
them from erosion (Störr et al. 1 978). At Virtasalmi
the situation has clearly been the same. The Iso-
Naakkima sediments may previously have covered
a much wider area than seen today and protected
the kaolin deposits from erosion.

SUMMARY AND CONCLUSION

Kaolin is the most important industrial mineral
used by the Finnish paper industry. Nearly one
million tons of imported kaolin is annually used as

filler and coating material in paper manufacture.
During 1986-1992 the Geological Survey of Fin-
land discovered, investigated and reported ten sig-
nificant kaolin deposits in the Virtasalmi area,
southeastern Finland. The kaolin deposits that are
mainly hosted by quartz-feldspar gneiss and cov-
ered by a 20 m thick overburden were located by
using gravity, electromagnetic and magnetic meth-
ods and drilling.

The most potential deposits are Litmanen,
Vuorijoki, Kahdeksaisiensuo, Ukonkangas, Etelä-
kylä and Montola-Niittylampi. Apart from these
the potential of Montilanlampi and Hyväjärvi will
probably be improved during further investiga-
tions. The deposits are associated with an assem-
blage of quartz-feldspar gneiss, amphibolite and
carbonate rock. These are metavolcanic and
metasedimentary rocks, which probably belong to
an ancient lower Proterozoic Svecofennian island
arc environment. The supracrustal rocks of the area
have undergone high-grade metamorphism and
strong deformation indicated by, among others,
foliation strikes to NW and dips 75-85'NE. Al-
though the kaolin deposits are generally associated
with a specific rock suite, they are also controlled

80

by a SE-NW-trending fracture zone, which prob-
ably has a genetic relationship with the Raahe-
Ladoga Zone.

The parent rocks of the kaolins are quartz-feld-
spar gneiss, tonalite, granodiorite, mica gneiss and
amphibolite. All these have a high plagioclase
content (30-50Vo) and a low potassium feldspar
content. The amount of mafic minerals has an
important influence on the quality of kaolin. White
kaolin is generally derived from the quartz-feld-
spar gneiss, tonalite or granodiorite. Coloured
kaolins, usually red, yellow or brown, are often
derived from mica gneiss or amphibolite and occa-
sionally the white kaolin may also be formed from
these.

The kaolin deposits are in valleys between drum-
lin ridges, and the upper surface of kaolin is 70-90
m a.s.l. The kaolin area (5 km x 20 km) is in the
middle of an undulating plain (60 km x 70 km),
which clearly differs from surrounding hilly areas.
The deposits are coveredby a20-30 m thick glacial
overburden composed mostly of sandy till. The
length of individual weathered areas varies from
one to two kilometres and the width is a few
hundred metres. The kaolin usually occurs as nar-
row horizons in the middle of the weathered area.
The thickness of the kaolin horizons is generally
30-40 m, but it may be up to 80-100 m. In vertical
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quartz, they all indicate that the climate during 
kaolinization has been warm and humid and drain
age conditions favourable. A small amount of py
rite in parent rocks and in the kaolin suggests that 
the weathering environment and conditions have 
been acidic and reducing. Fractured parent rocks, 
associated with carbonate rocks have provided a 
good drainage system for circulating waters. 

An interesting question is how the Virtasalmi 
kaolin has escaped erosion from the Mesoprotero
zoic to the present. As noted earlier, the Virtasalmi 
kaolin area is in the middle of undulating terrain . 
The geomorphology of the area may indicate an 
ancient peneplane or a partly stripped plain, which 
was later only slightly reworked by glacial erosion . 
The present erosion level or the upper surface of 
kaolin is generally 70-90 m a.s.1. The Virtasalmi 
kaolins have been preserved below this surface. 

The largest and deepest kaolin deposits are dis
tinctly concentrated in the area between Hällinmäki 
and Montola. Small and shallow deposits have been 
discovered at a maximum distance of 20 km to the 
north and 15 km to the south and east ofLitmanen . 

There has been kaolin exploration over a much 
wider area, but with !ittle success. Kaolinization 
has been most intensive and/or erosion slightest in 
the Litmanen area. This is shown by the largest 
thicknesses ofkaolin, the highestkaolinite content, 
the highest brightness values, the lowest contents 
of iron and other impurities and best the viscosity 
values . 

The original weathering crust probably covered 
a much larger area, but only the deepest parts of 
kaolin , in depressions, has escaped glacial erosion 
and been preserved. The morphology of the 
Virtasalmi area distinctly differs from the sur
rounding area, and it is possible that the whole area 
subsided and escaped erosion . Such subsidence 
may be related to the Raahe-Ladoga Zone. 

In Central Europe almost all kaolin deposits are 
covered by sedimentary rocks that have protected 
them from erosion (Störr et a1. 1978) . At Virtasalmi 
the situation has clearly been the same. The Iso
Naakkima sediments may previously have covered 
a much wider area than seen today and protected 
the kaolin deposits from erosion . 

SUMMARY AND CONCLUSION 

Kaolin is the most important industrial mineral 
used by the Finnish paper industry. Nearly one 
million tons of imported kaolin is annually used as 
filler and coating material in paper manufacture. 
During 1986-1992 the Geological Survey of Fin
land discovered, investigated and reported ten sig
nificant kaolin deposits in the Virtasalmi area, 
southeastern Finland . The kaolin deposits that are 
mainly hosted by quartz-feldspar gneiss and cov
ered by a 20 m thick overburden were located by 
using gravity, electromagnetic and magnetic meth
ods and drilling. 

The most potential deposits are Litmanen, 
Vuorijoki, Kahdeksaisiensuo, Ukonkangas, Etelä
kylä and Montola-Niittylampi . Apart from these 
the potential of Montilanlampi and Hyväjärvi will 
probably be improved duri ng further investiga
tions. The deposits are associated with an assem
blage of quartz-feldspar gneiss, amphibolite and 
carbonate rock. These are metavolcanic and 
metasedimentary rocks, which probably belong to 
an ancient lower Proterozoic Svecofennian island 
arc environment. The supracrustal rocks ofthe area 
have undergone high-grade metamorphism and 
strong deformation indicated by, among others, 
foliation strikes to NW and dips 75-85° NE. Al
though the kaolin deposits are generally associated 
with a specific rock suite, they are also controlled 
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by a SE-NW-trending fracture zone, which prob
ably has a genetic relationship with the Raahe
Ladoga Zone. 

The parent rocks of the kaolins are quartz-feld
spar gneiss, tonalite, granodiorite, mica gneiss and 
amphibolite. All these have a high plagioclase 
content (30-50%) and a low potassium feldspar 
content. The amount of mafic minerals has an 
important influence on the quality ofkaolin . White 
kaolin is generally derived from the quartz-feld
spar gneiss , tonalite or granodiorite. Coloured 
kaolins , usually red, yellow or brown, are often 
derived from mica gneiss or amphibolite and occa
sionally the white kaolin mayaIso be formed from 
these . 

The kaolin deposits are in valleys between drum
lin ridges, and the upper surface of kaolin is 70-90 
m a.s.1. The kaolin area (5 km x 20 km) is in the 
middle of an undulating plain (60 km x 70 km) , 
which clearly differs from surrounding hilly areas . 
The deposits are covered by a 20-30 m thick glacial 
overburden composed mostly of sandy till. The 
length of individual weathered areas varies from 
one to two kilometres and the width is a few 
hundred metres. The kaolin usually occurs as nar
row horizons in the middle of the weathered area. 
The thickness of the kaolin horizons is generally 
30-40 m, but it may be u p to 80-100 m. In vertical 



profile white kaolin gradually passes into darker or
coloured kaolin, or into partly weathered rock, and
finally into hard parent rock. In a lateral direction
the contacts between different kaolin types are
sharp, depending on the type of steeply-äipping
parent rock.

The raw white kaolin contains on average 40-
75Vo kaolinite,20-30Eo quaftz and some feldspar
and mica. According to XRD determinations, in
many places the kaolinite content is as high as 80-
1007a. Other clay or clay-like minerals (smectite,
chlorite, illite, talc and sepiolite) occur in the mar-
ginal and basal parts ofthe deposits in coloured and
dark kaolinitic clays or in the weathering products
of mafic rocks. The coloured kaolins often contain
a few percent of goethite or haematite, while the
other staining components are titanium in ilmenite
and carbon in graphite.

Particle.size distribution shows that the propor-
tion of the <Zltmfraction is on an average 307o and
that of the <20 pm fraction 607o. These fine frac-
tions are almost entirely composed of kaolinite and
only traces of quartz, mica (illite) and smectite
have been identified in some samples. Based on
XRD analyses (Hinckley index) and SEM images,
the crystallinity of kaolinite varies within a wide
range. The lower limit of the natural brightness of
the <20 micron fraction of white kaolin is 6O7o, and
the average for all samples measwed'707o.

Refining tests (sieving (< l00pm), hydrocycloning
(<2 Ltm), and chemical and magnetic purification)
indicate that most of the white kaolins and a part of
coloured kaolins can be processed to fulfil the bright-
ness requirements of either paper coating (> 85Vo) or,
at least, filler (78-85Vo) material. The Brookfield
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value of viscosity and the viscosity concentration
vary over a wide range. Some results are quite
satisfactory but other are not acceptable for coating
kaolin. The variation may be caused by the con-
tamination of core samples or by tiny amounts of
smectite, or other mineral impurities. The
abrasiveness of refined kaolin fulfils the require-
ments of paper kaolin. Refined kaolin from the
Litmanen deposit was preliminary tested for paper
coating together with imported coating kaolins
giving quite satisfactory results.

According to the results of current investiga-
tions, the probable resources of white kaolin suit-
able for paper manufacturing are estimated to be 18
Mt in the Virtasalmi area. Besides this coloured
kaolin can be used for ceramic products and its
resources are estimated at l6 Mt. The possible
kaolin resources are l5 Mt.

Tectonic control has greatly affected the genesis
and preservation of the Virtasalmi kaolins;
kaolinizing agents entered the parent rocks via
cracks opened by fracturing. The mineral composi-
tion of the quartz-feldspar gneiss and tonalite, with
high plagioclase and low mafic mineral contents,
favoured the formation of high quality white kaolins.
An exceptionally high kaolinite content, low iron
content, evidence for quartz dissolution (partial),
and large kaolin thickness all indicates several
pulses of strong leaching over a long period. The
kaolin deposits were preserved in fractures below
the present erosion level, 70-90 m a.s.l. The
Virtasalmi area has subsided as a block and the
kaolins were once covered by the Neoproterozoic
Iso-Naakkima sediments, which has protected them
from erosion.
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profile white kaolin gradually passes into darker or 
coloured kaolin, or into partly weathered rock, and 
finally into hard parent rock. In a lateral direction 
the contacts between different kaolin types are 
sharp, depending on the type of steeply-dipping 
parent rock. 

The raw white kaolin contains on average 40-
75 % kaolinite, 20-30% quartz and some feldspar 
and mica. According to XRD determinations , in 
many pi aces the kaolinite content is as high as 80-
100%. Other clay or clay-like minerals (smectite, 
chlorite, illite, tale and sepiolite) occur in the mar
ginal and basal parts ofthe deposits in coloured and 
dark kaolinitic clays or in the weathering products 
of mafic rocks. The coloured kaolins often contain 
a few percent of goethite or haematite, while the 
other staining components are titanium in ilmenite 
and carbon in graphite. 

Particlesize distribution shows that the propor
tion of the <2)lm fraction is on an average 30% and 
that of the <20 )lm fraction 60%. These fine frac
tions are alm ost entirely composed of kaol i nite and 
only traces of quartz, mica (illite) and smectite 
have been identified in some samples . Based on 
XRD analyses (Hinckley index) and SEM images, 
the crystallinity of kaolinite varies within a wide 
range. The lower limit of the natural brightness of 
the <20 micron fraction of white kaolin is 60%, and 
the average for all sampies measured 70%. 

Refining tests (sieving «1 OO)lm), hydrocycloning 
«2 )lm), and chemical and magnetic purification) 
indicate that most of the white kaolins and apart of 
coloured kaolins can be processed to fulfil the bright
ness requirements of eitherpaper coating (> 85 %) or, 
at least, filler (78-85 %) material. The Brookfield 
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value of viscosity and the viscosity concentration 
vary over a wide range. Some results are quite 
satisfactory but other are not acceptable for coating 
kaolin. The variation may be caused by the con
tamination of core sampIes or by tiny amounts of 
smectite, or other mineral impurities. The 
abrasiveness of refined kaolin fulfils the require
ments of paper kaolin. Refined kaolin from the 
Litmanen deposit was preliminary tested for paper 
coating together with imported coating kaolins 
giving quite satisfactory results. 

According to the results of current investiga
tions, the probable resources of white kaolin suit
able for paper manufacturing are estimated to be 18 
Mt in the Virtasalmi area. Besides this coloured 
kaolin can be used for ceramic products and its 
resources are estimated at 16 Mt. The possible 
kaolin resources are 15 Mt. 

Tectonic control has greatly affected the genesis 
and preservation of the Virtasalmi kaolins ; 
kaolinizing agents entered the parent rocks via 
cracks opened by fracturing. The mineral composi
tion of the quartz-feldspar gneiss and tonalite, with 
high plagioclase and low mafic mineral contents, 
favoured the formation ofhigh quality white kaolins . 
An exceptionally high kaolinite content, low iron 
content, evidence for quartz dissolution (partial), 
and large kaolin thickness all indicates several 
pulses of strong leaching over a long period. The 
kaolin deposits were preserved in fractures below 
the present erosion level, 70-90 m a.s.l. The 
Virtasalmi area has subsided as a block and the 
kaolins were once covered by the Neoproterozoic 
Iso-Naakkimasediments, which has protected them 
from erosion. 
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GENESIS AND AGE OF THB VIRTASALMI KAOLIN
DBPOSITS. SOUTHEASTERN FINLAND

by

Olli Sarapää

Sarapää, Olli 1996. Genesis and age of the Virtasalmi kaolin deposits, southeastern
Finland. Geological Survey o.f Finland, Special Paper (in prep.) 66 pages, 38 figures,
l3 tables and 6 appendices.

This study describes the mineralogy, geochemistry, genesis and age of the Virtasalmi
kaolin deposits. Material for the study was selected from the drill cores of the
Litmanen, Ukonkangas, Vuorijoki and Eteläkylä deposits. The Virtasalmi area of
southeastern Finland belongs to the Svecofennian domain on the Sw-side of the

Raahe-LadogaZone. This area contains elongate kaolin deposits 0.5- 2 km x 50-400
m. The thickness of the kaolin is usually 30-40 m, locally 100 m. A 20-30 m thick
Quaternary overburden covers the kaolin. There is a gradual transition zone between
kaolin and its parent rock and the kaolin contains well-preserved primary features seen

in the parent rock. The trans'ition zone and the primary features show the residual origin
of kaolin.

The kaolin derived from quartz-feldspar gneiss is white and composed of kaolinite
and quartz. Muscovite-illite and K-feldspar may be present in the basal part of the
kaolin profile. Kaolin derived from mica gneiss is white, grey or coloured and the

typical mineral assemblages are kaolinite-quartz, kaolinite-quartz-mica-(pyrite-graph-
ite) and kaolinite-quartz-goethite (rarely haematite) respectively. Kaolin developed on

amphibolite varies in colour depending on mineralogical composition; kaolinite,
kaolinite-goethite and kaolinite-smectite in the less altered basal part. Kaolin on

tonalite is mostly white and characterized by the assemblage of kaolinite-quartz. Small
amounts of ilmenite, anatase and pyrite are often present in all kaolin types. The
mineralogical composition is typical of a residual kaolin deposit.

The behaviour of major and trace elements, especially the REE elements, is similar
to that of recent tropical weathering crusts, but differs from hydrothermal deposits.
Mass balance calculations show that Mg, Ca, Na and K have almost completely
dissolved during kaolinization. The parent rock has lost silica (> 5OVo) and iron (>
'7OVo).The volume reduction is 10-307o. Based on the silica loss established in the

Eteläkylä profile, the development of this kind of kaolin deposit takes at least 16

million years in warm and humid climate.
The Virtasalmi kaolin deposits are thicker and richer in kaolinite than residual

deposits in Central Europe and elsewhere in Fennoscandia. In a warm humid climate
near the Equator, oxidation of sulphide minerals, and a high content of CO, in the

atmosphere maintained the groundwater acidity causing kaolinization of aluminium
silicates. A high content ofrelatively unstable plagioclase and small amounts ofK-feldspar
and mafic minerals in quartz-feldspar gneiss were favourable for the formation of good

quality, white kaolin. Fractured gneisses, steep schistosity and easily soluble carbon-

ate rocks have offered a good drainage system for intense chemical weathering.
The age of the Litmanen kaolin, dated by the K/Ar-method from authigenic illite, is

1 180 million years. The Mesoproterozoic kaolin was presumably covered by the

Neoproterozoic kaolinite-bearing sediments of the Iso-Naakkima sequence, which
protected kaolin from erosion in the downfaulted block. Mesozoic kaolinization had

probable no influence on the kaolins buried under the sediments. Later most kaolins
except those in deep fractures, were removed by erosion.

Olli Sarapöä, Geological Survey of Finland, FIN-02 150 Espoo, FINLAND
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INTRODUCTION

Background and research aims

The Geological Survey of Finland (GSF) started
kaolin exploration at Virtasalmi in 1986, soon
after the first traces of the kaolin were detected
during rechecking of the previous drill cores from
the 1960's ore prospects. Between 1986-1992,ten
kaolin deposits were located and investigated by
the GSF. The drilling and mineral processing tests
showed that eight of the deposits might be eco-
nomic sources for raw material used in paper
coating and filling (Sarapää et al. 1992a; Sarapää
et al. in press). This study focuses on the four that
are of highest quality and best-known, Litmanen,
Ukonkangas, Vuorijoki and Eteläkylä in the vil-
lage of Hällinmäki (Fig. l). The other kaolin de-
posits, which might be of commercial interest,
Kahdeksaisiensuo, Montola, Niittylampi and
Montilanlampi, are situated some 15 km north
from the first mentioned four deposits.

This work describes the mineralogy,
geochemistry, genesis and age of the Virtasalmi
kaolin. The material for this study was collected
during kaolin exploration stage. The studied sam-
ples are drill cores, because thick glacial overbur-
den made direct observation from the excavations
impossible. However, many vertical or slightly
inclined drill cores through the glacial cover and

kaolin and fresh parent rock allowed observation
and study of the changes in the colour, texture,
mineralogy and geochemical composition in differ-
ent kaolin profiles. The properties of the kaolins in
relationship to their parent rocks have also been
studied. Mass balance calculation helped to esti-
mate chemical changes during the kaolinization of
the parent rock. In addition, the behaviour of major,
trace and rare earth elements in the Virtasalmi
kaolin profiles has been compared with those in
more recent weathering and hydrothermal altera-
tion profiles. Based on mineralogical and
geochemical studies, this paper assesses the condi-
tions of the kaolinization for the of Virtasalmi
kaolin deposits.

The age of the kaolinization is a difficult prob-
lem, because in Finland the time gap between the
Proterozoic parent rock and the covering Quater-
nary sediments is generally 1.9 Ga. The K-Ar method
has been used to date some hydrothermal kaolin
deposits (Bray and Spooner 1983; Shikazono 1985;
Kitagawa et al. 1988), but not in dating residual
occurrences. An attempt was made to determine the
age of kaolinization at Virtasalmi by dating of an
authigenic illite using the K-Ar method.

Overview of kaolins

The kaolinization of aluminium silicates may
take place by chemical weathering, hydrothermal
alteration or combination of processes (Bristow
1977, K,tzvart 1984; Murray 1988; Murray and
Keller 1993, Bristow 1993). The primary kaolins
formed in situ by the alteration of metamorphic,
igneous or sedimentary rocks. Sedimentary proc-
esses have eroded, transported and redeposited the
secondary kaolins. Some of them may have also
kaolinized after deposition. Most kaolin deposits
in the world are Carboniferous or younger, but the
kaolinization of deposits in western Australia may
have already begun during the Proterozoic
(Edwards and Atkinson 1986). According ro
Sokolov and Heiskanen (1984), kaolin is infre-
quent in Lower Proterozoic crust because of meta-
morphism whereas it is common in Upper
Proterozoic crust. Further, there is bauxite of
Riphean age in places on Russian Platform and in
Siberia.

Observations from kaolinitic weathering crusts
and sediments in Finland. Sweden. Denmark and
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the Kola Peninsula, and from the sediments of
northern Germany, which are derived from
kaolinized parts of the Fennoscandian Shield (Störr
1975a) indicate that the kaolinization in
Fennoscandia may have occurred during several
time intervals. These occurred during the
Neoproterozoic at Iso-Naakkima (Elo et al. 1993),
Lauhanvuori and Taivalkoski (Söderman et al. 1983;
Tynni and Uutela 1985; Pekkala and Sarapää 1989),
during the Ordovician and Carboniferous based on
kaolinitic sediments from North Germany (Störr et
al. 1978) and bauxite of the North Onega region
(Sirotin et al, 1988), during the Mesozoic at
Bornholm (Almeborg et al. 1969), Scania (Byström-
Asklund 1969) and the Kola Peninsula (Yevzerov
1995) and in Cretaceous and Early Tertiary times
(Störr et al. 1978). Such age determinations are
based on stratigraphy and overlying or adjacent
kaolinite-bearing sediments whose microfossil age
is known. However, the exact ages of kaolin depos-
its of Finland and other countries are still missing.

Kaolin deposits are quite common worldwide.
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(red dot). The broken line marks the studv area. the so-called Hällinmäki area.
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In Continental Europe there are many kaolin de-
posits ranging in age from late Carboniferous to
Neogene. There are major kaolin areas in the
Ukraine (Glukhovetsk, Prosianaya), Germany
(Hirschau-Schnaittenbach, Kemmliz-Caminau), the
Czech Republic (Karlovy Vary, Plzen) Poland
(Boleslawiec), France (Brittany), Spain (Cuenca)
and Portugal, which all produce both paper and
ceramic kaolin (Bristow 1995). However, kaolin
that meets the specifications for paper coating, i.e.
a high brightness value and a low viscosity, is

mainly produced in four kaolin areas. These are
Georgia and South Carolina in the USA, Rio Jari in
Brazil, Weipa in northeastern Australia and Cornwall
in southwestern England (Murray I 988 ; Bristow I 993 ;

Murray and Keller 1993). The late Cretaceous and
early Tertiary deposits of Georgia are the most ex-
tensive sedimentary kaolins in the world. The ex-
tensive kaolinitic clays of Weipa and Rio Jari are
capped by bauxite of Tertiary age. The Cornwall
kaolin deposits have been formed by the hydrothermal
alteration and weathering of Variscan granites.

Terminology

Kaolin is generally a soft, nonplastic, often white
or nearly white clay or rock, which is essentially
composed of kaolinite (Al25irO5(OH)o). Kaolinite
is a clay mineral, along with other minerals such as

illite and smectite. It has a layered lattice structure,
where a silica tetrahedral sheet is linked to a gibbsite
sheet to form one kaolinite layer. Kaolinite has a
theoretical composition of 39.87o Al2O3, 46.37o
SiO" and 13.9Vo H.O. In this work kaolin is divided
into three classes: l) white, 2) coloured and 3)
grey. This division is based on the brightness and
yellowness measurements. The white kaolin has an
ISO-brightness value of at least 607o and that of the

coloured and grey kaolin is under 607o. The yellow-
ness value of the coloured kaolin is at least 197o.

and that of the grey kaolin less than 197o.

A saprolite has been defined as a soft, typically
clay-rich rock, formedin situ by chemical weather-
ing, often red, brown, or light in colour, in which
the structures and volume of original rock exist,
despite the thorough decomposition of the primary
rock forming minerals (Bates and Jackson 1987).
In the figures and tables of this work, weathered
bedrock and weathered rock comprises a transition
zone between kaolin and the underlying unaltered
rock or the lower portion of the weathering profile.

MATERIALS AND METHODS

At Virtasalmi, kaolin is everywhere covered by
a l0-30 m thick glacial overburden, and thus drill
core samples have been used in the study. The drill
cores were taken with either a heavy percussion
drill, or a diamond drill equipped with a wireline.
Continuous samples,50-56 mm in diameter, were
cored from kaolin and from the underlying bedrock
by diamond drilling. Often, the soilwas intersected
without coring. In addition, two 35 m deep wells,
each 1.5 m in diameter, were bored into kaolin at
Litmanen and Eteläkylä and excavated by clamshell
bucket.

Drill core samples were studied from eight cross-
section, three from Litmanen, three from Eteläkylä
and one each from Ukonkangas and Vuorijoki.
Each cross section is based on both vertical and
inclined (60-70") drill holes. Twenty drill holes
( 1300 m) from the most representative kaolin pro-
files were selected for more detailed studies and
analysis. Seventy-two thin sections were taken
from partially altered and fresh parent rocks and 40
of these were point counted for mineralogical com-
position.

Altogether, ca. 500 2-3 m long, drill core sam-
ples were analysed at the laboratories of GSF. The
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particle size distribution of the kaolins was deter-
mined with a Sedigraph X-ray particle analyser
(Micrometrics 5000 D) at the soil laboratory of
GSF. The fine fractions (<2 pm, <20 pm) were
separated by the gravity settling, applying Stoke's
law. The brightness and yellowness values of the
kaolin (<20pm) were measured with a Minolta CR-
200 Colourmeter from a dry-compressed pellet.
The results were calculated as ISO-brightness val-
ues by using the standard samples and duplicate
measurements by Elrepho at the Finnish Pulp and
Paper Research Institute, Espoo. All these meas-
urements were done at the industrial minerals labo-
ratory of GSF, Espoo.

The minerals of raw kaolin, and the size fractions
of <20 pm and <2 lt^, were identified by X-ray
diffractometry using Ni-filtered Cu radiation in the
GSF's mineralogical laboratory. Semioriented and
oriented specimens were analysed. Identification
of clay minerals followed the methods in Wilson
(1987). Kaolinite was identified using the distinc-
tive x-ray reflection at 7 A, which disappears on
heating (550'C). The presence of kaolinite was
further confirmed by infrared spectroscopy. The
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In Continental Europe there are many kaolin de
posits ranging in age from late Carboniferous to 
Neogene. There are major kaolin areas in the 
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ceramic kaolin (Bristow 1995). However, kaolin 
that meets the specifications for paper coating, i.e. 
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and 13.9% Hp. In this workkaolin is divided 
into three classes: 1) white, 2) coloured and 3) 
grey. This division is based on the brightness and 
yellowness measurements. The white kaolin has an 
ISO-brightness value of at least 60% and that of the 

coloured and grey kaolin is under 60%. The yellow
ness value of the coloured kaolin is at least 19%, 
and that of the grey kaolin less than 19%. 

A saprolite has been defined as a soft, typically 
clay-rich rock, formedin situ by chemical weather
ing, often red, brown, or light in colour, in which 
the structures and volume of original rock exist, 
despite the thorough decomposition of the primary 
rock forming minerals (Bates and Jackson 1987). 
In the figures and tables of this work, weathered 
bedrock and weathered rock comprises a transition 
zone between kaolin and the underlying unaltered 
rock or the lower portion of the weathering profile. 

MA TERIALS AND METHODS 

At Virtasalmi , kaolin is everywhere covered by 
a 10-30 m thick glacia1 overburden, and thus drill 
core sampies have been used in the study . The drill 
cores were taken with either a heavy percussion 
drill, or a diamond drill equipped with a wireline. 
Continuous sampies, 50-56 mm in diameter, were 
cored from kaolin and from the underlying bedrock 
by diamond drilling. Often, the soil was intersected 
without coring. In addition, two 35 m deep wells, 
each 1.5 m in diameter, were bored into kaolin at 
Litmanen and Eteläkylä and excavated by clamshell 
bucket. 

Drill core sampies were studied from eight cross
section, three from Litmanen, three from Eteläkylä 
and one each from Ukonkangas and Vuorijoki. 
Each cross section is based on both vertical and 
inclined (60-70°) drill holes . Twenty drill holes 
(1300 m) from the most representative kaolin pro
files were selected for more detailed studies and 
analysis. Seventy-two thin sections were taken 
from partially altered and fresh parent rocks and 40 
ofthese were point counted for mineralogical co m
position. 

Altogether, ca. 500 2-3 m long, drill core sam
pIes were analysed at the laboratories of GSF. The 
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particle size distribution of the kaolins was deter
mined with a Sedigraph X-ray particle analyser 
(Micrometrics 5000 D) at the soil laboratory of 
GSF. The fine fractions « 211m, <20 11m) were 
separated by the gravity settling, applying Stoke' s 
law . The brightness and yellowness values of the 
kaolin «20l1m) were measured with a Minolta CR-
200 Colourmeter from a dry-compressed pellet. 
The results were calculated as ISO-brightness val
ues by using the standard sampies and duplicate 
measurements by Elrepho at the Finnish Pulp and 
Paper Research Institute, Espoo. All these meas
urements were done at the industrial minerals labo
ratory of GSF, Espoo. 

The minerals of raw kaolin , and the size fractions 
of <20 11m and <211m, were identified by X-ray 
diffractometry using Ni-filtered Cu radiation in the 
GSF' s mineralogicallaboratory. Semioriented and 
oriented specimens were analysed. Identification 
of clay minerals followed the methods in Wilson 
(1987). Kaolinite was identified using the distinc
tive x-ray reflection at 7 A, which disappears on 
heating (550°C) . The presence of kaolinite was 
further confirmed by infrared spectroscopy. The 



lack of the 5A reflection in the x-ray
diffractogramme indicates a trioctahedral biotite-
phlogopite mica, otherwise it is considered
dioctahedral muscovite-illite and broadening of
the 10 A peak indicates illite. In the case of a 12-
15 A x-ray reflection, ethylene glycol treatment
assists the identification of expanding minerals
(vermiculites, smectites). Quantitative mineral
composition was calculated from the semi-ori-
ented samples using the laboratory method of K.
Lindqvist (personal comm.) and P. Kallio, modi-
fied from the method of Pawloski (1985). The
mineralogical characteristics (crystallinity, mor-
phology and texture) of kaolinite were determined
by XRD, differential thermal analysis
(DTA+TGA), infrared (IR) spectroscopy and scan-
ning electron microscopy (SEM).

All chemical analyses were made at the Chemi-
cal Laboratory of GSF, Espoo. The major and the
trace elements (35 elements) of the kaolin and
rock samples were determined with the wave-
length dispersive x-ray fluorescence spectrometer
(Philips PW1480), using pressed powder pellets.
Detection limits of the analysed elements are fol-
I owin g : N a=0. 05 7o, M g=Q.Q)%o, Al=0.O | 7o, S i, S,

Cl=0.017o,P=0.006Va, K, Ca =0.005Va, Sc, Ti, V,
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Cr, Ga, As, La, Ce Sn, Sb, La, Ce, Pb, Bi=0.003 7o,

Mn=0. 004 Vo, F e=O.02 7o, N i, Cu, Zn, B a =0.002 Vo,

Rb, Sr, Y, Zr, Nb, Mo, Th, U=0.001 7o ( Fee
Schedule of the GSF's Chemical Laboratory, 1994).

The coefficients of variation of XRF
determinations are < l7o for Si, Ti, Al, Fe, Mg, Ca
and Na, and I-37o for Mn, K and P (method code
17 5X, S aikkonen 1996) .If only the maj or elements
were determined by XRF, the samples were fused
with lithium metaborate-lithium tetraborate. Total
carbon and sulphur contents were determined with
the carbon and sulphur Leco-analysers (method
810L, 81 1L) and total water content with the water-
analyser (815L). Ferrous iron was determined by
titration (301T). The rare earth elements were ana-
lysed by a inductively coupled plasma mass
spectrometry (ICP-MS) and hydrofluoric acid-
perchloric acid dissolution, using a0.2 g sample
weight and an undissolved sample fused with lithium
metaborate (308M).

I(Ar dating of illite was made with standard iso-
tope diluting procedures, used at the geochronological
laboratory of the Geological Survey of Israel, by
Dr. B. Lang (Kapusta et al. 1993) from the gravity
settled samples of <2 pm and <0.5 pm.

GENERAL GEOLOGY

The Virtasalmi schist area is a part of the Savo
schist belt in the Paleoproterozoic Svecofennian
domain. The area is situated on the southwestern
boundary ofan ancient subduction zone, the Raahe-
Ladoga Zone. The supracrustal rocks of Virtasalmi
represent part of an ancient island arc complex
(Gaäl 1986, Ekdahl 1993). The rocks comprise
mica gneiss, amphibolite, quartz-feldspar gneiss,
diopside amphibolite and gneiss and carbonate rocks
and have undergone regional polyphase deforma-
tion, regional polyphase high grade metamorphism,
up to granulite facies, and emplacement of a

synkinematic plutonic suite (Hyvärinen 1969;
Pekkarinen and Hyvärinen 1984; Lawrie 1992,Fig.
2). The plutonic suite consists of tonalite,
granodiorite, quartzdiorite, diorite, gabbro and
peridotite. The schistosity and bedding of the
supracrustal rocks dip steeply 70-85'NE. The
Neoproterozoic sedimentary sequence of the Iso-
Naakkima, 25 km northwest from Hällinmäki, is
the youngest rock unit in the area (Elo et al. 1993).

The Virtasalmi kaolin deposits are situated in an

area,20 km long and 5 km wide, which is a part of
a larger undulating plain area containing fractures
filled with slacial sediments and weathered bed-

rock (Sarapää et al. in press). Kaolin deposits are
lenticular in shape, 0.5-2 km long and 50-400 m
wide. The thickness of kaolin averages 30-40 m,
100 m at its deepest. The kaolin deposits conform
to the foliation and fold structures of schists and
gneisses and typically occur in close connection
with quartz-feldspar gneiss, graphite-bearing mica
gneiss, amphibolite and carbonate rock. A promi-
nent NW - SE -trending fracture zone goes just
through the Virtasalmi kaolin area.

At Litmanen, Ukonkangas and Vuorijoki kaolin
derives from quartz-feldspar gneiss and mica gneiss:
to a lesser extent from amphibolite. A part of the
Ukonkangas kaolin derives from tonalite, which is
the most important parent rock at Eteläkylä. Kaolin
deposits of Virtasalmi have been interpreted as in
situ weathering products formed in a warm and
humid climate (Pekkala and Sarapää 1989;
Kuivasaari et al. 1991; Sarapää et al. in press).
Kaolinization has started before the deposition of
the Neoproterozoic Iso-Naakkima sequence, which
is composed of kaolinite-bearing shales and quartz-
sandstones and rests on a partially kaolinized mica
gneiss (Elo et al.1993).
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represent part of an ancient island arc complex 
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and have undergone regional polyphase deforma
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up to granulite facies, and emplacement of a 
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Pekkarinen and Hyvärinen 1984; Lawrie 1992, Fig. 
2) . The plutonic suite consists of tonalite , 
granodiorite, quartzdiorite, diorite , gabbro and 
peridotite. The schistosity and bedding of the 
supracrustal rocks dip steeply 70-85°NE. The 
Neoproterozoic sedimentary sequence of the Iso
Naakkima, 25 km northwest from Hällinmäki , is 
the youngest rock unit in the area (Elo et al. 1993). 

The Virtasalmi kaolin deposits are situated in an 
area, 20 km long and 5 km wide , which is apart of 
a larger undulating plain area containing fractures 
filled with glacial sediments and weathered bed-

rock (Sarapää et al. in press) . Kaolin deposits are 
lenticular in shape, 0.5-2 km long and 50-400 m 
wide. The thickness of kaolin averages 30-40 m, 
100 m at its deepest. The kaolin deposits conform 
to the foliation and fold structures of schists and 
gneisses and typically occur in close connection 
with quartz-feldspar gneiss, graphite-bearing mica 
gneiss, amphibolite and carbonate rock . A promi
nent NW - SE -trending fracture zone goes just 
through the Virtasalmi kaolin area. 

At Litmanen , Ukonkangas and Vuorijoki kaolin 
derives from quartz-feldspar gneiss and mica gneiss; 
to a lesser extent from amphibolite. Apart of the 
Ukonkangas kaolin derives from tonalite , which is 
the most important parent rock at Eteläky lä. Kaolin 
deposits of Virtasalmi have been interpreted as in 
situ weathering products formed in a warm and 
humid climate (Pekkala and Sarapää 1989; 
Kuivasaari et al. 1991 ; Sarapää et al. in press). 
Kaolinization has started before the deposition of 
the Neoproterozoic Iso-Naakkima sequence, wh ich 
is composed ofkaolinite-bearing shales and quartz
sandstones and rests on a partially kaolinized mica 
gneiss (Elo et al. 1993). 
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Fig. 2. Modified extract from the published 1:50 000 geological map (Hyvärinen 1969) showing the kaolin deposits of the
Hällinmäki area. The black lines mark the cross sections ofLitmanen, Eteläkylä, Ukonkangas and Vuorijoki.

DESCRIPTION OF THE LITMANEN KAOLIN

General features

At Litmanen the weathered bedrock covers an
area of 1 km long and 0.5 km wide (Fig. 3). In this
area kaolin forms four separate occurrences called
East, West, Central and North. Kaolin is mainly
white (natural brightness 60-86%, average 727o),
coloured kaolin forms a minor part from the de-
posit. Kaolin contains 70Vo kaolinite, and has a
maximum thickness of 80 m. Between kaolin and
the underlying bedrock there is a few metres thick
transition zone, which is composed of a grey or
green kaolinite- and smectite-bearing clay or a
semi-soft, partially altered rock. Kaolin is devel-
oped on quartz-feldspar gneiss, mica gneiss, biotite
amphibolite, or diopside amphibolite. The wearh-
ered area is bordered by amphibolites on both
sides.

The mineralogical composition of quartz-feld-
spar gneiss is characterized by a high content of
plagioclase (An 30) and quartz. K-feldspar is occa-
sionally present. There are variable amounts of
biotite and in places muscovite (Fig. a). Quartz-
feldspar gneiss often contains garnet and biotite.
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An increase in the latter indicates a gradational
contact with mica gneiss. In contrast, an increase of
hornblende characterises gradational contact be-
tween mica gneiss and biotite amphibolite,with
diopside amphibolite closely associated. The aver-
age grain size of these rock types varies from 0.3 to
0.5 mm.

Kaolin is covered by a 10-25 m thick glacial
overburden. Samples, excavated from well 2 atthe
place of drill hole R669, indicate that the overbur-
den is composed of several beds of sandy till sepa-
rated from each other by beds of gravel, sand and
silt. The basal till, at a depth of 2l-23 m, differs
from the upper beds by containing much kaolinite
and many highly kaolinized rock fragments, in-
cluding also fragments of white kaolin and green
smectite-bearing clay. In some samples the beds of
a dark glacial clay and white kaolin alternate. The
contact between kaolin and till is erosive. In the
topmost part of the kaolin profile there is some
mixing of till into kaolin. All these features are
connected to the Quaternary glacial processes.
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DESCRIPTION OF THE LITMANEN KAOLIN 

General features 

At Litmanen the weathered bedrock covers an 
area of 1 km long and 0.5 km wide (Fig. 3) . In thi s 
area kaolin forms four separate occurrences called 
East, West, Central and North . Kaolin is mainly 
white (natural brightness 60-86%, average 72%), 
coloured kaolin forms a minor part from the de
posit. Kaolin contains 70% kaolinite , and has a 
maximum thickness of 80 m. Between kaolin and 
the underlying bedrock there is a few metres thick 
transition zone, which is composed of a grey or 
green kaolinite- and smectite-bearing clay or a 
semi-soft, partially altered rock. Kaolin i devel
oped on quartz-feldspar gneiss, mica gneiss, biotite 
amphibolite, or diopside amphibolite. The weath
ered area is bordered by amphibolites on both 
sides. 

The mineralogical composition of quartz-feld
spar gneiss is characterized by a high content of 
plagiocJase (An 30) and quartz. K-feldspar is occa
sionally present. There are variable amounts of 
biotite and in pi aces muscovite (Fig. 4). Quartz
feldspar gneiss often contains gamet and biotite . 
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tween mica gneiss and biotite amphibolite,with 
diopside amphibolite cJosely associated . The aver
age grain size of these rock types varies from 0.3 to 
0.5 mm. 

Kaolin is covered by a 10-25 m thick glacial 
overburden. Sampies , excavated from weil 2 at the 
place of drill hole R669 , indicate that the overbur
den is composed of several beds of sandy till sepa
ra ted from each other by beds of gravel, sand and 
silt. The basal till , at a depth of 21-23 m, differs 
from the upper beds by containing much kaolinite 
and many highly kaolinized rock fragments , in
cluding also fragments of white kaolin and green 
smectite-bearing cJay . In so me sampIes the beds of 
a dark glacial clay and white kaolin alternate. The 
contact between kaolin and till is erosive. In the 
topmost part of the kaolin profile there is some 
mixing of till into kaolin. All these features are 
connected to the Quaternary glacial processes. 
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Kaolin profiles

The descriptions of kaolin profiles were made
from the selected drill cores ofthree cross sections;
A, B and C (Figs 5-7), which are described from top

to bottom because weathering has progressed down-
wards. In the following, each cross section is de-
scribed and the mineralogy, geochemistry, bright-

sw R584 nJ za

ts::l llll

F=l whire kaotin
q coloured kaolin

ffi Dark kaolin

m Weathered bedrock

ITI Mica gneiss

F--l Quartz-feldspartJ gneiss
l-El Amphibotite

R584 Drill hole

Fig. 5. Cross section A at Litmanen; drill holes R584. R669 and R522 intersect kaolin in the West occurrence, R53l and R50l kaolin
in the Central occurrence and R588 kaolin in the East occurrence. The section is based on drilling and gravity measurement.

Fig. 6. Cross section B from
the Central occurrence at
Litmanen. Drill hole R529 in-
tersects kaolin until biotite
amphibolite.

Fig. 7. Cross section C from the North
occurrence at Litmanen. Drill hole R537
goes through kaolin into quartz-f'eld-
spar gneiss.

Fig. 8. a) Relict texture; banding after mica gneiss in grey kaol in of R584, depth 4 I .3 m. The white bands are composed of kaol inite and quartz,
and dark grey bands of trioctahedral mica (biotite). b) Quartz-feldspar gneiss texture in a kaolin sample from well 2 (R669), depth 27 m,
Litmanen W. c) Relict bedding in yellowish kaolin derived from diopside amphibolite in drill core R531, depth 26.09 m, Lirmanen Central.
d) Similar bedding in diopside amphibolite, drill core R53 I, depth 52.2 m. e) Rusty brown goethite-rich clay gradually changes upwards inro
kaolin with alternating yellow and grey bands, drill core R529 (40-45.5 m), Litmanen Central. f) Massive light grey kaolin passing into green
smectite-rich clay (83.3 m depth), which changes into altered and broken biotite amphibolite ar the depth of 86 m, drill core R529, Litmanen
Central. g) Quartz-rock and kaolin in R385, Ukonkangas. h) Kaolinized tonalite in R385, Ukonkangas.
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Kaolin profiles 

The descriptions of kaolin profiles were made 
from the selected drill cores ofthree cross sections; 
A, Band C (Figs 5-7), which are described from top 

to bottom because weathering has progressed down
wards. In the following, each cross section is de
scribed and the mineralogy, geochemistry, bright-
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Fig. 5. Cross section A at Litmanen; drill holes R584. R669 and R522 interseet kaolin in the West oecurrenee, R531 and R501 kaolin 
in the Central oec urrenee and R5 88 kaolin in the East oceurrenee. The section is based on drilling and gravity measurement. 
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Fig. 6 . Cross seetion B from 
the Centra l occurrenee at 
Litmanen. Drill hole R529 in
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Fig. 7. Cross section C from the North 
oeeurrenee at Litrnanen. Drill hole R537 
goes through kaolin into quartz-feld
spar gneiss. 

Fig. 8. a ) Re lict texture; banding after miea gne iss in grey kaolin of R584 , depth 41.3 m. The whi te bands are eomposed ofkaol inite and quartz, 
and dark grey bands of trioctahedral mica (biotite) . b ) Quartz-feldspar gneiss texture in a kaolin sampie from weil 2 (R669) , depth 27 m, 
Litmanen W. c) Reliet bedding in yellowish kaolin derived from diopside amphibolite in drill eore R531 , depth 26.00 m, Litmanen Centra!. 
d ) Similar bedding in diopside amphibo lite , drill eore R531 , depth 52.2 m. e) Rusty brown goethite-rich elay gradually ehanges upwards into 
kaolin with alternating yellow and grey bands, drill eore R529 (40-45.5 m) , Litmanen Centra!. f) Massive li ght grey kaolin passing into green 
smeet ite-rieh elay (83.3 m depth) , which ehanges into a ltered and broken biotitc amph ibolite at the depth of 86 m, drill core R529, Litmanen 
Centra!. g) Quartz-rock and kaolin in R385, Ukonkangas. h) Kaolinized tonalite in R385, Ukonkangas. 
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ness and particle size distribution are presented.
Drill holes R584, R669 and R522, in cross sec-

tion A, lie in the West occurrence and cut through
white kaolin down to mica gneiss and quartz-
feldspar gneiss (Fig. 5). R50l was drilled into
white kaolin and R531 intersects several layers of
coloured kaolin and altered diopside amphibolite
of the Central occurrence. The white kaolin of the
East occurrence is intersected by R588.

Drill hole R584 (inclination 70'SW) intersects
l8 m of white kaolin, 9 m of grey, more sandy
kaolin, and 7 m of partially altered, black biotite-
gneiss. The contact between kaolin and mica gneiss
is gradual. Relict structures after mica gneiss are
visible in white kaolin and especially well in lower
grey kaolin (Fig. 8a). Vertical drill hole R669
penetrates 64 m of the white kaolin (Fig. 8b), 16 m
of yellowish, coloured kaolin, which becomes sandy
with depth, and 14 m of a partially kaolinized
quartz-feldspar gneiss banded with biotite-rich lay-
ers. White kaolin is homogeneous, but includes a
little graphite in the upper part and some relics of
garnet in places. There are yellow goethite bands
parallel to the core in coloured kaolin in the basal
part of the profile, indicating that banding dips
vertically. Vertical drill hole R522 cuts through 5-5

m of white kaolin and then intersects 7 m of col-
oured (yellowish brown) kaolin and 0.5 m of dark
grey strongly weathered gneiss, which changes
into mica gneiss at a depth of 73 m. The gneissose
banding is preserved in both white and coloured
kaolin.

Drill hole R53l (70'SW) was bored with a dia-
mond drill. The first 5 m of the core is composed of
white kaolin, and the next 14 m of banded, coloured
(light brown) kaolin. The coloured kaolin passes
gradually through 4 m thick, rusty brown clay into
a green semi-soft diopside amphibolite, which

changes into fresh rock within 6 m. Diopside
amphibolite alters downwards into coloured kao-
lin. Similar alternation occurs also two times in
deeper level, where transition zone between kaolin
and amphibolite is only one and half metre. The
primary bedding of amphibolite has been well
preserved in kaolin (Fig. 8c and d). A diamond drill
hole R50l (70"SW) intersects 10 m of green par-
tially altered amphibolite, and then with a sharp
contact, 26 m of white kaolin. The basal rock was
not reached. Kaolin is massive and rich in clay and
no relict structures are visible. In the basal part
kaolin contains some quartz, which indicates that it
is more likely derived from quartz-feldspar gneiss
than amphibolite. In drill hole R588 (70'SW), the
white kaolin is 45 m thick and passes within 3 m via
a green sandy layer, into a grey, partially kaolinized,
quartz-feldspar gneiss.

Cross section B, Fig. 6, is from the Central
occurrence. Drill hole (diamond) R529 (70.SW)
lies in the middle of the section. It penetrate s 29 m
of white (light grey) kaolin and 25 m of coloured
kaolin (yellowish brown) and a further l8 m of
white kaolin, which passes via a 0.7 m thick, dark
green clay layer, into biotite amphibolite (Fig. 8e
and f). Texture of the coloured kaolin is similar as
that of the underlying biotite amphibolite. Cross
section C represents the North occurrence at
Litmanen (Fig. 7). Vertical R537 intersects 34 m of
white kaolin, which becomes more sandy down-
wards and passes into soft kaolinized quartz-feld-
spar gneiss, which is unaltered within 2 m.

From the previous observations it can be con-
cluded, that the kaolin has a gradual contact with
the underlying rocks and the well-preserved pri-
mary structures of the parent rock are in their
original position, which strongly suggests an in
situ origtn for the kaolin.

Mineralogy

This section describes mineralogy and minera-
logical variation in kaolin profiles on different
parent rocks. XRD analysis shows that kaolinite
and quartz are the two main minerals in the Litmanen
deposit, although their proportions vary greatly in
different drill cores (Table 1).

Kaolinite content is highest, 78-92Va, in the
Central (R501 , R529 and R53 I ) and the East occur-
rence (R588) and lowest, about 507o in the West
(R699) and the North occurrence (R537). Kaolins
derived from quartz-feldspar appear to have lower
kaolinite contents than kaolins derived from
amphibolites or mica gneiss. Quartz content is
lowest in the kaolin derived from amphibolite
(R529, R53l) and mica gneiss (R584, R522) and
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highest in the kaolin from quartz-feldspar gneiss.
Mica and K-feldspar may occur in small amounts in
the kaolin formed from quartz-feldspar gneiss or
mica gneiss. Goethite is most abundant from a few
percent up to I }Vo in the kaolin derived from the
amphibolite. This is indicated by chemical analy-
ses, but not by XRD.

Mostly kaolinite occurs as fine particles and so
its amount in the raw kaolin roughly corresponds to
the proportion of the < 20 pm fraction. Besides,
quartz is rather coarse, usually occurring as a grain
size fraction of 0.1-2 mm, or even as fragments l-
2 cm in diameter. The quartz grains are often
brittle, corroded, without inclusions and chemi-
cally pure (Sarapää et al. 1992b). In places coarse
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ness and particle size distribution are presented. 
Drill holes R584, R669 and R522, in cross sec

tion A , lie in the West occurrence and cut through 
white kaolin down to mica gneiss and quartz
feldspar gneiss (Fig. 5). R50 I was drilled into 
white kaolin and R531 intersects severallayers of 
coloured kaolin and altered diopside amphibolite 
of the Central occurrence. The white kaolin of the 
East occurrence is intersected by R588. 

Drill hole R584 (inclination 700 SW) intersects 
18 m of white kaolin , 9 m of grey, more sandy 
kaolin, and 7 m of partially altered, black biotite
gneiss. The contact between kaolin and mica gneiss 
is gradual. Relict structures after mica gneiss are 
visible in white kaolin and especially weIl in lower 
grey kaolin (Fig. 8a). Vertical drill hole R669 
penetrates 64 m of the white kaolin (Fig. 8b) , 16 m 
of yellowish, coloured kaolin , which becomes sandy 
with depth , and 14 m of a partially kaolinized 
quartz-feldspar gneiss banded with biotite-rich lay
ers. White kaolin is homogeneous, but includes a 
little graphite in the upper part and so me relics of 
garnet in places . There are yellow goethite bands 
parallel to the core in coloured kaolin in the basal 
part of the profile , indicating that banding dips 
vertically. Vertical drill hole R522 cuts through 55 
m of white kaolin and then intersects 7 m of co 1-
oured (yellowish brown) kaolin and 0 .5 m of dark 
grey strongly weathered gneiss, which changes 
into mica gneiss at a depth of 73 m. The gneissose 
banding is preserved in both white and coloured 
kaolin . 

Drill hole R53l (70oSW) was bored with a dia
mond drill. The first 5 m of the core is composed of 
white kaolin , and the next 14 m ofbanded, coloured 
(light brown) kaolin . The colollred kaolin passes 
gradually through 4 m thick, rllsty brown clay into 
a green semi-soft diopside amphibolite , which 

changes into fresh rock within 6 m. Diopside 
amphibolite alters downwards into coloured kao
lin. Similar alternation occurs also two times in 
deeper level, where tran sition zone between kaolin 
and amphibolite is only one and half metre. The 
primary bedding of amphibolite has been weil 
preserved in kaolin (Fig. 8c and d). A diamond drill 
hole R50 I (70oSW) intersects 10m of green par
tially altered amphibolite, and then with a sharp 
contact, 26 m of white kaolin . The basal rock was 
not reached. Kaolin is mass ive and rich in clay and 
no relict structures are visible. In the basal part 
kaol in contains some quartz , which indicates that it 
is more likely derived from quartz-feldspar gneiss 
than amphibolite. In drill hole R588 (70oSW), the 
white kaolin is 45 m thick and passes within 3 m via 
a green sandy layer, into a grey, partially kaolinized, 
quartz-feldspar gneiss. 

Cross section B, Fig . 6, is from the Central 
occurrence. Drill hole (diamond) R529 (70oSW) 
lies in the middle of the section. It penetrates 29 m 
of white (light grey) kaolin and 25 m of coloured 
kaol in (yellowish brown) and a further 18 m of 
white kaolin , wh ich passes via a 0 .7 m thick, dark 
green cl ay layer, into biotite amphibolite (Fig . 8e 
and f). Texture of the coloured kaolin is similar as 
that of the underlying biotite amphibolite. Cross 
seetion C represents the North occurrence at 
Litmanen (Fig . 7) . Vertical R537 intersects 34m of 
white kaolin, which becomes more sandy down
wards and passes into soft kaolinized quartz-feld
spar gneiss, which is unaltered within 2 m. 

From the previous observations it can be con
cluded, that the kaolin has a gradual contact with 
the underlying rocks and the well-preserved pri
mary structures of the parent rock are in their 
original position, which strongly suggests an in 
situ origin for the kaolin . 

Mineralogy 

This section describes mineralogy and minera
logical variation in kaolin profiles on different 
parent rocks. XRD analysis shows that kaolinite 
and quartz are the two main minerals in the Litmanen 
deposit, although their proportions vary greatly in 
different drill cores (Table 1) . 

Kaolinite content is highest, 78-92%, in the 
Central (R50 I , R529 and R531 ) and the East occur
rence (R588) and lowest, about 50% in the West 
(R699) and the North occurrence (R537). Kaolin s 
derived from quartz-feldspar appear to have lower 
kaolinite contents than kaolins derived from 
amphibolites or mica gneiss. Quartz content is 
lowest in the kaolin derived from amphibolite 
(R529, R531) and mica gneiss (R584, R522) and 
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highest in the kaolin from quartz-feldspar gneiss . 
Mica and K-feldspar may occur in small amounts in 
the kaolin formed from quartz-feldspar gneiss or 
mica gneiss. Goethite is most abundant from a few 
percent up to 10% in the kaolin derived from the 
amphibolite. This is indicated by chemical analy
ses, but not by XRD. 

Mostly kaolinite occurs as fine particles and so 
its amount in the raw kaolin roughly corresponds to 
the proportion of the < 20 IJ.m fraction. Besides , 
quartz is rather coarse, usually occurring as a grain 
size fraction of 0.1-2 mm, or even as fragments 1-
2 cm in diameter. The quartz grains are often 
brittle, corroded, without inclusions and chemi
cally pure (Sarapää et al. 1992b) . In pi aces coarse 
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Table 1. Average properties of Litmanen raw kaolin and <20pm fiaction kaolin; brightness, mineralogical composirion (XRD), particle
size (Sedigraph), and chemical composition (XRF), drill cores R501, R522, R529, R531, R537, R584, R588 and p669.

Drill core

R522

,^* 2Cp^ 20 pm raw

R529 R53l R537 R584

,N ,01r. ,* ,0t".
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,^* ,W^ ,a* zCr;^20 pm 2O pm
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Maximum

Quartz
Mica

K-feldspar
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N
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tn
665

47 1

11
0

910

<a

20

70

100

100

100
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70

100

90 99 85 98

70 97 50 98

100 100 96 98

87 98
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100 100

93 65 100

85 40 100

100 85 100
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78 100

4s 100

95 100
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22
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78
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88

<2 ptm %

120 pLm

<62 pLm

sio2 %

Tio2

Al2o3

FerO, tot

MnO

Mgo
CaO

Na2O

K,O

Pto,
HrO

s

47.84 43.63

1.92 1.58

32.05 36.30

1.48 .32

.01 .00

. 11 .09

. 13 .05

.02 .t'7

.11 .10

.13 .25

t3.26 15.03

.29 .27

.79 .t3
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1.99 t.55
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.06 .05
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2.62 1.83
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.13 .08

.03 .20
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.33 .50

13.80 t5.27

.11 .04

.t3 .t4

46.36 4t.89 71.09

2.51 t.76 .46

29.01 33.0r 18.23

5.20 4.53 .52

.03 .02 .00

.35 .23 .14

.35 .18 .0s

.10 .28 .11

.24 .21 1.73

.3s .51 .10

13.7r 14.99 6.58

.05 .o2 .06

.09 .15 .11

45.75 49.57 44.96

.70 1.28 .84

34.m 29.79 36.65

.48 2.60 .74

.01 .03 .00

.14 1.45 .40

.02 .33 .06

.15 .01 .r4
t.24 .81 .29

.15 .31 .22

13.11 t2.90 t4.8r
.07 .r2 .16

.16 .l1 .o7

55.39 44.72

1.51 1.27

28.66 37.23

.53 .35

.01 .00

.08 .08

.07 .03

.00 .t3

.42 .36

.11 . 16

t2.56 14.40

.t4 .14

.08 .04

66.31 46.12

.91 1.06

22.84 3'7.25

.78 .65

.00 .00

.08 .09

.05 .03

.01 .15

.30 .53

.t6 .31

8.72 t4.O4

.06 .13

.03 .02

t7t7l7

R 501 Kaolin derived from quartz-feldspar gneiss, Central part, depth 32-58m
R 522 Kaolin derived from mica gneiss, W-part, depth 11-73m
R 529 Kaolin derived from biotite amphibolite, Central part, depth 11-83m
R 531 Kaolin derived from diopside amphibolite, Central part, depth 18-93m
R 537 Kaolin derived from quartz-feldspar gneiss, N-part, depth ll-46m
R 584 Kaolin derived from mica gneiss, W-part, depth 15-40m
R 588 Kaolin derived from quartz-feldspar gneiss, E-part, depth 17-62m
R 669 Kaolin derived from quartz-feldspar gneiss, W-part, depth 21-103m

N = number of samples
FerO, tot:total iron is calculated as Fe2O3

HrO : total water
C : total carbon
$ = total sulphur
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Table I. Average properties of Litmanen raw kaolin and <20~m fraction kaolin; brightness, mineralogical composition (XRD), particle 
size (Sedigraph), and chemical compos ition (XRF) , drill cores R501 , R522 , R529, R531 , R537 , R584, R588 and P669. 

Drill core 

R501 R522 R529 R531 R537 R584 R588 R669 
raw 20 J.lrn raw 20.um raw 20 JLrn raw 20.um raw 20 /i-m raw 20 J.Lffi raw 20 /-lm raw 20 J.lm 
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13 .80 15 .27 13.71 14.99 6.58 13.11 12.90 14.81 12.56 14.40 8.72 14.04 

.11 .04 .05 .02 .06 .07 .12 .16 .14 .14 .06 .13 

.13 .14 .09 .15 .11 .16 .11 .07 .08 .04 .03 .02 

25 25 17 17 5 17 3 9 5 18 10 37 

R 501 Kaolin derived from quartz-feldspar gneiss, Central part , depth 32-58m 
R 522 Kaolin derived from mica gneiss, W-part, depth 11-73m 
R 529 Kaolin derived from biotite amphibolite, Central part, depth 11-83m 
R 531 Kaolin derived from diopside amphibolite, Central part, depth 18-93m 
R 537 Kaolin derived from quartz-feldspar gneiss, N-part, depth 11-46m 
R 584 Kaolin derived from mica gneiss, W-part, depth 15-40m 
R 588 Kaolin derived from quartz-feldspar gneiss, E-part, depth 17-62m 
R 669 Kaolin derived from quartz-feldspar gneiss , W-part, depth 21-103m 

N = number of samples 
FezÜ3 tot = total iron is calculated as Fe20 3 

H20 total water 
C total carbon 
S total sulphur 
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quartz forms layers in kaolin. There are rare mica
and K-feldspar in the basal or marginal part of the
deposit, typically in the grain size fraction coarser
than 20;rm.

The fine fractions ( < 2 pm and <20 pm) consist
almost entirely of kaolinite, but in transition zone,
smectite and chlorite have been also detected by
XRD. Traces of illite have been found in some drill
cores of the West occurrence, in R585 as much as

10-20Vo. A small amount of quartz (l-3Vo) and
traces of dioctahedral mica or illite are present in
places in the fraction below 20 pm.

The major staining mineral in kaolins is a fine
grained, yellowish, goethite. Red haematite is more
rare, and in a few places there are also amorphous
iron and siderite. Ilmenite, a most common heavy
mineral of kaolin, has been identified by XRD from
heavy mineral separates of raw kaolin and from the
< 2 pm fraction by EDS. Other identified titanium
minerals are anatase and rutile. Chemical analysis
of the <2 pm, < 20 pm fractions and raw kaolin
show that the amounts of titanium and iron impu-
rities (Tables I and 2) are clearly higher in raw
kaolin than in the fine fractions.

The XRD peaks of kaolinite are sharp, which
indicates that kaolinite is well-ordered (Fig. 9).
Crystallinity has been estimated from the peaks by
calculating the Hinckley index (H.1.) (Hinckley
1963). The average H.I. value of kaolinite from the
different drill cores is between 0.5 and 1.0, indicat-
ing that kaolinite is moderate to well crystallized
(Table 2). Differential thermal (DTA) curve for the
<2pm fraction of a typical kaolin reveals only two
peaks, an endothermic peak appears at 550"C and
an exothermic peak at 990'C (Fig. 9). A relatively
high exothermic temperature indicates a high crys-
tallinity of kaolinite (Wilson l98l). The loss of
weight in thermogravimetry (TG) during heating is
about 127o, corresponding to the kaolinite content
of 867o. This value is clearly too low, because
neither the XRD curve or the chemical analyses
reveal any other mineral phases .

SEM images conform that the kaolinite is mod-
erately to well crystallized, though margins of the
kaolinite plates may be uneven (Fig. l0). The
kaolinite often occurs as vermicular stacks, which
are typical of in situ kaolins (Keller 1978). The
large authigenic stacks also suggest that some
recrystallization may have taken place. Among
kaolinite stacks there occur small tetragonic TiO2-
grains, probable anatase, and iron hydroxide parti-
cles. The <2ltm fraction appears to be free of other
clay minerals. Based on calculations from the chemi-
cal analyses of the <2ltm fraction, the amount of
kaolinite is about957o and there are traces ofprobable
quartz, ilmenite, and goethite (Table 2).
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In the kaolin profiles on the top of the quartz-
feldspar gneiss and mica gneiss the content of
kaolinite remains high in the upper and middle
parts and decreases towards the lower parts (Fig.
l1). In the drill core R669, the kaolinite content
fluctuates from 20 to707o, depending on the occur-
rence of quartz rich layers. In the basal part, the
amount of kaolinite distinctly decreases while that
of quartz increases and K-feldspar also appears in
the mineral composition. The upper part of R588 is
rich in kaolinite > 807o, but in the basal part of the
profile, the proportion of quartz increases and the
mineral assemblage contains K-feldspar. In the
kaolin of R537, kaolinite decreases as a function of
depth. The trend can also be seen as an increase of
K-feldspar and mica. The kaolin of R522 is also
rich in kaolinite, 50-957a, down to the depth of 69
m , thereafter kaolinite decreases tromS5Vo to 707a

in the basal four metres. while smectite. mica and
plagioclase appear in the mineral assemblage. The
underlying mica gneiss consists of plagioclase,

20'Cu - Kc

o 200 400 600 800 1000 1100

Fig. 9. Nearly identical XRD-diffiactograms of <2 pm frac-
tion from drill cores R50l and R522. The kaolinite reflections
are sharp indicating high crystallinity. The lower plot shows
DTA curves for the same samples with endothermic peaks (at
550"C) as do relatively high exothermic temperatures (at
990"C). These data also indicate well crystallised kaolinite.
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and K-feldspar in the basal or marginal part of the 
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grained, yellowish, goethite. Red haematite is more 
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show that the amounts of titanium and iron impu
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kaolin than in the fine fractions. 

The XRD peaks of kaolinite are sharp, which 
indicates that kaolinite is well-ordered (Fig. 9). 
Crystallinity has been estimated from the peaks by 
caJculating the Hinckley index (H.l.) (Hinckley 
1963). The average H.I. value of kaolinite from the 
different drill cores is between 0 .5 and 1.0, indicat
ing that kaolinite is moderate to weil crystallized 
(Table 2). Differential thermal (DT A) curve for the 
<2)..Lm fraction of a typical kaolin reveals only two 
peaks , an endothermic peak appears at 550°C and 
an exothermic peak at 990°C (Fig. 9). A relatively 
high exothermic temperature indicates a high crys
tallinity of kaolinite (Wilson 1987). The loss of 
weight in thermogravimetry (TG) during heating is 
about 12%, corresponding to the kaolinite content 
of 86%. This value is clearly too low, because 
neither the XRD curve or the chemical analyses 
reveal any other mineral phases . 

SEM images conform that the kaolinite is mod
erately to well crystallized, though margins of the 
kaolinite plates may be uneven (Fig . 10). The 
kaolinite often occurs as vermicular stacks, which 
are typical of in situ kaolins (Keller 1978). The 
large authigenic stacks also suggest that some 
recrystallization may have taken place. Among 
kaolinite stacks there occur small tetragonic Ti02-
grains, probable anatase, and iron hydroxide parti
cles. The < 2)..Lm fraction appears to be free of other 
clay minerals. Based on calculations from the chemi
cal analyses of the < 2 )..Lm fraction, the amount of 
kaolinite is about 95 % and there are traces ofprobable 
quartz, ilmenite, and goethite (Table 2). 
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In the kaolin profiles on the top of the quartz
feldspar gneiss and mica gneiss the content of 
kaolinite remains high in the upper and middle 
parts and decreases towards the lower parts (Fig. 
11). In the drill core R669 , the kaolinite content 
fluctuates from 20 to 70%, depending on the occur
rence of quartz rich layers. In the basal part, the 
amount of kaolinite distinctly decreases while that 
of quartz increases and K-feldspar also appears in 
the mineral composition. The upper part ofR588 is 
rich in kaolinite> 80%, but in the basal part of the 
profile, the proportion of quartz increases and the 
mineral assemblage contains K-feldspar. In the 
kaolin of R537 , kaolinite decreases as a function of 
depth . The trend can also be seen as an increase of 
K-feldspar and mica. The kaolin of R522 is also 
rich in kaolinite , 50-95 %, down to the depth of 69 
m , thereafter kaolini te decreases from 85 % to 10% 
in the basal four metres , while smectite, mica and 
plagioclase appear in the mineral assemblage. The 
underlying mica gneiss consists of plagioclase, 
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Table 2. Chemical and mineralogical composition and Hinckley index (H.I.) from the < 2pm fraction kaolin of
Litmanen.

Drill core R501 R522 R584 R585 R588 R669 nSZS

sio2 vo u.76 43.98 45.36 46.47 45.09 44.96 44.27
Tio2 .88 .61 .56 .86 .62 .69 .60
Al2o3 36.92 34.95 37.05 35.70 37.09 36.96 37.35
FerO, tot .24 3.17 .37 .50 .ZB .53 .59
MnO .01 .01 .01 .01 .01 .01 .00
MgO .00 .06 .10 .38 .00 .01 .O7

CaO .04 .05 .O2 .O2 .02 .03 .05
Na,O .19 .24 .17 .14 .22 .22 .33

K,O .09 .23 .15 2.13 .22 .37 . 1 L

P,O, .26 .35 .22 .t3 .23 .33 .42

HrO 15.70 15.55 14.84 14.53 14.29 15.82

Total 99.09 99.20 98.84 98.47 98.41 99.59

c % .35 .28 .32 .33 .24

s .01 .00 .02 .02 .01 .00

Kaolinite 100 10O 100 90 100 100 100

Illite tr 10 tr
H.I. .69 .82 .97 1.05 .56 .52 .40

N3331331

tr : traces
N : number of samples
FerO, tot:total iron is calculated as Fe2O3

HrO : total water
C : total carbon
S : total sulphur

biotite, quartz and K-feldspar where biotite has At Litmanen the kaolinite content is highest in
altered into kaolinite and goethite and plagioclase kaolin profiles derived from amphibolite. Kao-
has slightly kaolinized. lin in R53l includes kaolinite, goethite and quartz.

In R584 kaolinite decreases with depth and the Thecontentof kaolinitedetectedbyXRD90-95Vo
amountofmicaincreases.Inthebasalparttrioctahedral is too high because goethite is poorly detected by
mica (biotite) dominates over dioctahedral mica this method. In a brown transition zone, kaolinite
(muscovite-illite), but in the upper part vice versa. and goethite, smectite and plagioclase predomi-
The XRD determinations show that transition zone nate. The diopside amphibolite consists essentially
contains kaolinite (20-407o), trioctahedral mica of hornblende (23Vo), plagioclase Anr, (327o),
(biotite 50-557o), quaftz (5-207o) and plagioclase diopside (30Vo) and carbonate (97o) and accesso-
(about lU%o). A cutting sample from the underlying ries sphene, qtrartz, biotite, pyrite and ilmenite.
mica gneiss contains much biotite. During alteration carbonate decomposes more eas-

V ppm 596 353 272 320 465 144

Cr 273 165 326 214 236 5

Ni 89 32 101 74 118 33

Cu39102315622
Zn 36 36 25 2l t78 15

Ga 40 46 43 48 42 45

Rb418113tOr7
Sr5112323736
Y 4'7 25 27 57 42 34

Zr 82 107 190 175 69 387

Nb68711931
Ba 63 188 74 177 72 153

La 42 50 36 93 50 152

Ce 82 107 73 176 ll4 288
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Table 2. Chemical and mineralogical compos it ion and Hinckley index (H.!. ) from the < 2~m fraction kaolin of 
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Drill core R501 R522 R584 

SiO, % 44.76 43 .98 45.36 
TiO, .88 .61 .56 
AI,0 3 36.92 34.95 37.05 
Fe,0 3 tot .24 3.17 .37 
MnO .01 .0 1 .01 
MgO .00 .06 .10 
CaO .04 .05 .02 
Na,O .19 .24 .17 
K,O .09 .23 . 15 
P,O, .26 .35 .22 
H,O 15 .70 15 .55 14.84 
Total 99.09 99.20 98.84 

C % .35 .28 .32 
S .01 .00 .02 

V ppm 596 353 272 
Cr 273 165 326 
Ni 89 32 101 
Cu 3 91 0 
Zn 36 36 25 
Ga 40 46 43 
Rb 4 7 8 
Sr 5 112 3 
Y 47 25 27 
Zr 82 107 190 

Nb 6 8 7 

Ba 63 188 74 

La 42 50 36 

Ce 82 107 73 

Kaolinite 100 100 100 

Illite tr 

H.l. .69 .82 .97 

N 3 3 3 

tr = traces 
N = number of sampies 
Fe2Ü 3 tot = total iron is calculated as Fe2ü 3 

Hp total water 
C total carbon 
S total sulphur 

biotite, quartz and K-feldspar where biotite has 
altered into kaolinite and goethite and plagioclase 
has slightly kaolinized. 

In R584 kaolinite decreases with depth and the 
amount of mica increases. In the basal part trioctahedral 
mica (biotite) dominates over dioctahedral mica 
(muscovite-illite), but in the upper part vice versa. 
The XRO determinations show that transition zone 
contains kaolinite (20-40%), trioctahedral mica 
(biotite 50-55 %), quartz (5-20%) and plagioclase 
(about 10%) . A cutting sampie from the underlying 
mica gneiss contains much biotite. 

R585 R588 R669 R529 

46.47 45.09 44.96 44.27 
.86 .62 .69 .60 

35.70 37.09 36.96 37.35 
.50 .28 .53 .59 
.01 .01 .01 .00 
.38 .00 .01 .07 
.02 .02 .03 .05 
. 14 .22 .22 .33 

2.13 .22 .37 .11 
.13 .23 .33 .42 

14.53 14.29 15.82 
98 .47 98.41 99.59 

.33 .24 

.02 .01 .00 

320 465 144 
214 236 5 

74 118 33 

23 156 22 

21 178 15 

48 42 45 

113 10 17 
23 7 36 
57 42 34 

175 69 387 

11 9 31 

177 72 153 

93 50 152 

176 114 288 

90 100 100 100 

10 tr 

1.05 .56 .52 .40 

3 3 

At Litmanen the kaolinite content is highest in 
kaolin profiles derived from amphibolite. Kao
lin in R531 includes kaolinite, goethite and quartz. 
The content of kaolinite detected by XRO 90-95 % 
is too high because goethite is poorly detected by 
this method. In a brown transition zone, kaolinite 
and goethite, smectite and plagioclase predomi
nate. The diopside amphibolite consists essentially 
of hornblende (23 %), plagioclase An

32 
(32%), 

diopside (30%) and carbonate (9%) and accesso
ries sphene, quartz, biotite, pyrite and ilmenite. 
Ouring alteration carbonate decomposes more eas-
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ily than diopside, hornblende and plagioclase. Even
at thin section scale the intensity of weathering
may vary greatly in different layers. The alteration
is strongest in layers originally rich in diopside
where hornblende and plagioclase have totally al-
tered to clay-like material and quartz has corroded
to some extent. In a slightly weathered, green

amphibolite layer, which contains pyrite, the

kaolinization of plagioclase started befbre hornblende
decomposition. On the other hand, in the slightly
weathered (oxidized), brown transition zone horn-
blende and biotite have broken down before
plagioclase.

Kaolin in R529 has a high kaolinite content, 70-
1007o, that remains 70Vo at 83.3 m depth. With
depth the light grey kaolin passes into the green

Fig. l0.SEMmicrographsof the<2pmkaolinsuspensions.a)KaoliniteparticlesindrillcoreR522(37.6-52.4 m).b)Kaolinite
particlesindrillcoreR50l(46.4-58.3m).c)AlargekaolinitestackamongfinekaoliniteparticlesinR529,56.l-61.1m.d)Small
tetragonic TiO, grains among kaolinite stacks. Same sample. e) Vermicular and platy kaolinite. Same sample. f) Fe-hydroxide
particle in the middle, surrounded by kaolinite grains. Same sample, scale I pm.
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Fi g. 10. SEM mierographs of the <2 ~1l1 kao lin s uspen s io ns. a ) Kaolinite pani e ies in dril l corc R522 (37 .6-52.4 m). b ) Kaolinite 
pani e ies in drill co rc R50 1 (46 .4-58.3 m). c) A large kaolinite stac k a mong fin e kaoli nite pan iclcs in R529. 56. 1-6 1. 1 m. d ) Small 
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transition zone, which at 84.5 m depth consists of
plagioclase (40%), qüartz (257o), kaolinite (I07o)
with minor amounts of chlorite and smectite. A
microscope study shows that the underlying biotite

Geological Survey of Finland, Special Paper (in prep.)
Genesis and age of the Virtasalmi kaolin deposits, southeastern Finland

amphibolite contains plagioclase (45 7o),hornblende
(177o), biotite (177o), qtartz (167a) with ilmenite
and pyrite as accessories and small amount of
kaolinite as an alteration product.
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Fig. ll.Cumulativemineralcomposirion(XRD)ofkaolinasafunctionofdepthinsixkaolinprofilesdevelopedonquartz-feldspar
gneiss (R669, R537, R588), mica gneiss (R584, R522) and biotite amphibolite (R529) at Litmanen.
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transition zone, which at 84,S m depth consists of 
plagioclase (40%), quartz (25 %), kaolinite (10%) 
with minor amounts of chlorite and smectite, A 
microscope study shows that the underlying biotite 

amphibolite contains plagioclase (45 %), hornblende 
(17 %), biotite (17 %), quartz (16%) wi th ilmenite 
and pyrite as accessories and small amount of 
kaolinite as an alteration product. 
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Geochemistry

The average chemical composition of the raw
kaolin, weathered rock (transition zone) and parent
rock from the Litmanen drill cores are presented in
Table 3 . The main constituents of the raw kaolin are
silica (46-667a SiOr), alumina (23-327o AlrO.,) and
water (9-147o HrO), corresponding to a kaolinite
content of 58-8170 assuming all the aluminium is in
kaolinite. This assumption is valid, because MgO,
CaO, NarO and KrO are insignificantly low, except
in the kaolin of R584 (1.57o MgO and 0.87o KrO).
The total iron content of raw kaolin varies from
0.57o to 5.07aFerO.ror, so that the lowest values are
those derived from the iron-poor quartz-feldspar
gneiss and the highest from the iron-rich
amphibolite.

In weathered rock, the main constituents are
sllica (44-547o), alumina (22-23Vo), water (8-137o)

and iron oxides (7 -l2%o FerO,tot). The iron content
of the weathered rock is higher than that of the
unweathered parent rock or the overlying kaolin.
The FerO./FeO-ratio decreases but the total iron
content increases from the kaolin to the transition
zone and to the parent rock. MgO, CaO, NarO and
KrO in the weathered rock are higher than in the
kaolin but lower than in the parent rock. Trace
elements V, Cr and Cu of both kaolin and weath-
ered rock are concentrated and Sr and Ba are
depleted compared to their parent rocks. The be-
haviour of Ni, Cu, Y, Zr, Nb is not so clear.

Chemical variation in the kaolin profiles de-
veloped on quartz-feldspar gneiss and mica
gneiss is shown in Fig. 12 and the selected analyses
are presented in Appendix l. In kaolin of R669,
from27 m to 100 m, the concentrations of SiO^ (54-

Table 3. Average chemical composition of raw kaolin, weathered rock and parent rocks from the drill cores of Lrtmanen

R50t R531

Kaolin WR Amphib Kaolin WR Amphib Kaolin WR Micagn Kaolin Kaolin

sio2 %

Ti02
Al2o3
FeO
FerO, x)

MnO
Mgo
CaO
NarO
Kto
CaO
Hto
Total

47.65
1.91

3t.75

1.65
.01
.12

.o2
1)

.14
13.13
96.63

4s.92
3.03

31.10
.51

2.73
-02
.11

.\4

.01

.11

13.88
97.98

43.58
2.40

22.89
.88

11.37
.04
.51

.44

.o1

.18

.63
13.35
96.42

58. r9
t.96

16.05
3.85
3.70

.07
z.zJ
4.25
3.41

.84

.65
3.17

98.80

46.32 44.9r
2.75 2.02

29.5t 22.67
.50 1.89

4.49 9.05
.uJ .l I
.23 1.20
.15 2.60
.02 1.31
.30 .3r
.35 .42

13.32 11.32
98.0r 98.03

49.57 54.17
1.28 1.61

29.79 22.27

2.60 6.91
.03 .08

1.45 2.76
.33 .85
.01 .30
.81 2.t2
.31 .54

12.90 8.23
99.06 99.84

55.39 66.31
1.51 .9'7

28.66 22.84
.Jl

.53 .46

.01 .00

.08 .08

.o'7 .05

.00 .01

.42 .30

.11 .16
t2.56 8.72
99.35 [n.2

43.75
1.80

15.99
10.52
2.83

.35
4.61

10.15
2.32

.36

.48
2.99

97.32

65.96
.&

16.65

).fl
.09

1.53
.60

t.46
2.27

.14
4.57

99.43

.14 .06

.08 .03
535 t66
207 74
81 23

227 38
333 20
40 33

127
1l 40
30 31

184 430
14 36

153 214
35 104

60 169

c .29 .0'7 .05 .05 .06 .13 .77 .12 .M .03
s .96 .t1 .01 .01 .r4 .03 . I I .1 1 . 15 .09
V ppm 651 474 241 216 424 449 275 287 2O3 4l
Cr 222 327 22 14 330 372 350 285 91 27
Ni 149 r87 403 s86 236 310 229 53 80 68
Cu 432 238 125 100 452 184 128 120 70 7
Zn 314 146 1175 634 270 293 2W 17O 300 315
Ga 41 37 3'7 25 37 35 20 39 32 3r
Rb33t91813473059s7
Sr 10 50 21 224 48 79 288 6 21 51

Y55424939313631324974
Zr 234 362 555 360 451 301 191 261 469 632
Nb 18 35 44 35 42 38 22 16 37 45
Ba 76 176 1s8 247 309 183 207 196 54s 5tj
La 38 47 82 44 52 42 34 35 s7 104
Ce 74 112 2O7 78 109 93 73 65 106 190

N

WR
Amphib
Micagn
N
HrO
C
S

x) When

r02

- Weathered rock
= Amphibolite
: Mica gneiss
: number of samples
: total water
: total carbon
: total sulphur
FeO is missing, total iron is calculated as FerO,
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Geochemistry 

The average chemical composition of the raw 
kaolin , weathered rock (transition zone) and parent 
rock from the Litmanen drill cores are presented in 
Table 3. The main constituents ofthe raw kaolin are 
silica (46-66% Si0

2
) , alumina (23-32% AIP3) and 

water (9-14% HP), corresponding to a kaolinite 
content of 58-81 % assuming all the aluminium is in 
kaolinite. This assumption is valid, because MgO, 
CaO, Na

2
0 and Kp are insignificantly low, except 

in the kaolin of R584 (1.5 % MgO and 0.8% KP) . 
The total iron content of raw kaolin varies from 
0.5 % to 5.0% Fe

2
0 3,o,' so that the lowest values are 

those derived from the iron-poor quartz-feldspar 
gneiss and the highest from the iron-rich 
amphibolite. 

In weathered rock, the main constituents are 
silica (44-54%), alumina (22-23 %), water (8-13 %) 

and iron oxides (7-12% Fep3tot). The iron content 
of the weathered rock is higher than that of the 
unweathered parent rock or the overlying kaolin. 
The Fe

2
0/FeO-ratio decreases but the total iron 

content increases from the kaolin to the transition 
zone and to the parent rock. MgO, CaO, Nap and 
K

2
0 in the weathered rock are higher than in the 

kaolin but lower than in the parent rock. Trace 
elements V, Cr and Cu of both kaolin and weath
ered rock are concentrated and Sr and Ba are 
depleted compared to their parent rocks. The be
haviour of Ni , Cu , Y, Zr, Nb is not so clear. 

Chemical variation in the kaolin profiles de
veloped on quartz-feldspar gneiss and mica 
gneiss is shown in Fig . 12 and the selected analyses 
are presented in Appendix 1. In kaolin of R669 , 
from 21 m to 100 m, the concentrations ofSi0

2 
(54-

Tabl e 3. Average chemi cal compositi on of raw kao lin , weathered rock and parent rocks from the drill cores of Litmanen. 

R501 R529 R531 R584 R588 R669 

Kaolin Kaolin WR Amphib Kaolin WR Amphib Kaolin WR Micagn Kaolin Kaolin 

Si02 % 47 .65 45 .92 43.58 58 .19 46.32 44.91 43.75 49 .57 54.17 65.96 55.39 66.31 
Ti02 1.91 3.03 2.40 1.96 2.75 2.02 1.80 1.28 1.61 .64 1.51 .97 
Al2O, 31.75 31.10 22.89 16.05 29.51 22.67 15.99 29.79 22 .27 16.65 28.66 22 .84 
FeO .51 .88 3.85 .50 1.89 10.52 .31 
Fe20 , X) 1.65 2.73 11.37 3.70 4.49 9.05 2.83 2.60 6.91 5.51 .53 .46 
MnO .01 .02 .04 .07 .03 . 11 .35 .03 .08 .09 .01 .00 
MgO .12 .11 .51 2.23 .23 1.20 4.61 1.45 2.76 1.53 .08 .08 
CaO .14 .14 .44 4.25 .15 2.60 10.15 .33 .85 .60 .07 .05 
Na,o .02 .01 .07 3.41 .02 1.31 2.32 .01 .30 1.46 .00 .01 
K20 .12 .11 .18 .84 .30 .31 .36 .81 2 .12 2.27 .42 .30 
CaO .14 .37 .63 .65 .35 .42 .48 .31 .54 .14 .11 .16 
H20 13 .13 13 .88 13 .35 3.17 13 .32 11.32 2.99 12.90 8.23 4.57 12.56 8.72 
Total 96 .63 97.98 96.42 98 .80 98.01 98.03 97.32 99.06 99.84 99.43 99.35 100.2 

C .29 .07 .05 .05 .06 .13 .77 .12 .04 .03 .14 .06 
S .96 .17 .01 .01 .14 .03 . 11 . 11 .15 .09 .08 .03 
V ppm 651 474 241 216 424 449 275 287 203 41 535 166 
Cr 222 327 22 14 330 372 350 285 91 27 207 74 
Ni 149 187 403 586 236 310 229 53 80 68 81 23 
Cu 432 238 125 100 452 184 128 120 70 7 227 38 
Zn 314 146 1175 634 270 293 200 170 300 315 333 20 
Ga 41 37 37 25 37 35 20 39 32 31 40 33 
Rb 3 3 19 18 13 4 7 30 59 57 12 7 
Sr 10 50 21 224 48 79 288 6 21 51 11 40 
Y 55 42 49 39 31 36 31 32 49 74 30 31 
Zr 234 362 555 360 451 301 191 261 469 632 184 430 
Nb 18 35 44 35 42 38 22 16 37 45 14 36 
Ba 76 176 158 247 309 183 207 196 545 517 153 214 
La 38 47 82 44 52 42 34 35 57 104 35 104 
Ce 74 112 207 78 109 93 73 65 106 190 60 169 

N 4 16 2 3 8 25 4 3 3 5 10 

WR Weathered rock 
Amphib Amphibolite 
Micagn Mica gneiss 
N number of sampies 
H20 total water 
C total carbon 
S total sulphur 
x) When FeO is missing, total iron is caiculated as Fe20 3 
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757a), Al2O3 (18-31 Vo) and HrO (6.3- 12.47o) corre-
spond to the kaolinite content of 46-797o. Potas-
sium content, which is low (0.I-0.67o KrO) overall
is highest in the basal part where traces of K-
feldspar and dioctahedral mica were identified by
XRD. SiO, and Al2O3 display contradictory trends
throughout the profile. The curves of AlrO' HrO,
TiO, and FeO are similar to those of kaolinite (cf.
Figs 1l and 12). The iron and titanium contents of
white kaolin are low and equal; both are clearly
bound to ilmenite. The high FerO, content at over
80 m depth is related to the increase of goethite in
coloured kaolin. V and Cr have similar curves to
TiO, and Al2O3. The Ni content increases down-
wards in the kaolin profile. Also Au ( 1- 13 ppb), Pd
(< 3 ppb) and Te (7 -32 ppb) determinations were
made from kaolin in R669 but these elements con-
centrations are very low and under the detection
limit in the <2 pm fraction.

In drill core, R50l kaolin is composed almost
entirely of kaolinite as shown by high alumina (36-
27Vo, AlrO..), low silica (44-56Vo SiOr) and high
water content(lI-15Vo HrO). Also titanium is rather
high ( 1 .5-2.27o Ti02).The occurrence of unoxidized
pyrite in the basal part of the kaolin horizon can be

seen from high iron (4.47o F"rO.,,o,) and sulphur
(3.27o S) contents. The alumina content of kaolin in
R588 is high, 3l-25Vo Al2O3, but decreases in the
lower part of the profile while silica (52-6lVo) and
potassium (0.2-1.3Vo KrO) increase because of
higher quartz and K-feldspar contents. The chem-
istry of kaolin in R537 shows a trend, which can be

predicted from its mineral composition. With depth
Al2O3 (25-l5%o), H,O (10-57o) and TiO, (l-0.37o)
decrease and contents of SiO, (62-747o), F"rOr,o,
(0.1-1 .67o),MgO (0.1-0.37o), KrO (0.6-3.l7o) and
NarO (0.01-0.4Vo) increase respectively. These
changes correspond to the rise in qvartz and ap-
pearance of dioctahedral mica, K-feldspar,
plagioclase and trioctahedral mica (biotite) in the
mineral assemblage.

The kaolin in R522 differs from that of the
previous drill core; Al2Or Ql-347o) and TiO, (1.7-
2.27a) are higher and SiO, (48-52Vo) is lower. The
concentration of iron (0.6-4.87a FerOr) is highest in
the basal, coloured, goethite-bearing kaolin. The
chemical differences reflect the higher kaolinite
and lower qtartz content of the mineral composi-
tions in R522 compared to the nearby R669. Tita-
nium is bound to ilmenite and iron to both ilmenite
and goethite. In R584 the gradual alteration of
kaolin into partially altered mica gneiss is indi-
cated by the depletion ofkaolinite and the increase

of quartz, biotite and plagioclase at depth. Further,
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the decrease of AlrO, (32-17 7o), HrO (14.2-4.6Vo)
and TiO, (2.3-0.67o) and increases in SiO, (47-
667o), F"rO.,o, (2.1-77o), MgO (0.8-3.4Vo), CaO
(0.2- | . I Vo), KrO (0.5 -2.3 7o) and NarO (0.0 - | .5 Vo)

are directly related to depth. The trace elements V,
Cr, Ni, Cu and Ga also decrease with depth, butZn,
Rb, Sr, Y,Zr, Nb, Ba, La, and Ce have an opposite
trend. The kaolin of R584 usually has higher iron,
magnesium, calcium, and potassium concentra-
tions than kaolin in R669, R501, R537 and R522.
These differences are probably due to the parent
rock composition and the location of drill hole
R584 at the margin of the deposit.

Chemical variation in kaolin profiles devel-
oped on amphibolite can be study from analyses in
Appendix I and Fig. 12. The kaolin of R53l is
composed mainly of SiO, (39-5l%o), Al2O3 (21-
327a) andH2O (12-l5%a). Kaolinite is practically
the only silicate mineral present because quartz is
missing from the mineral assemblage of the parent
rock and therefore the silica content is much lower
than in the previously described drill cores. The
main impurities, iron (2.4-8.67o FerO.,,o,) and tita-
nium oxides (l .8-4.57o Ti02), are bound to goethite
and ilmenite. The kaolin has a yellowish brown
colour because of a high iron content. Rusty brown
weathered rock contains up to 27 .47o FerO.,,,,,. The
average iron content of weathered and unweathered
diopside amphibolite is quite similar, but the iron
of hard rock is mostly FeO. The amounts of Ca, Mg,
and Na of kaolin are low, but increase towards
altered and fresh diopside amphibolite. The varia-
tion ofpotassium is less distinct, because it is very
low both in kaolin and transition zone and in
underlying diopside amphibolite. Chemical
changes, i.e. losses of Ca, Mg and Na, correspond
to the mineralogical alterations caused by the de-
composition of carbonate, diopside, hornblende
and plagioclase. The contents of S, Ni and Cu are

highest in white kaolin. Usually V, Cr, Zr andLa
are clearly higher in kaolin and transition zone than
in the fresh parent rock. In contrast, Sr content is
highest in diopside amphibolite. The contents of
Au (0-2 ppb), Pd (<3 ppb) and Te (<3-29 ppb) are

low.
Kaolin in R529 contains less iron oxides than

kaolin in R531 because the parent rock, biotite
amphibolite, has less mafic minerals than diopside
amphibolite and the kaolinization has been more
intensive. Despite this fact, increase of silica (43-
597o) and decrease of alumina (34-157a) and water
(15-2Vo) towards the parent rock are similar in both
drill cores. The FerOr,ot content varies ftom0.52Vo
in white kaolin to 167o in transition zone.

103

Geolog ica l Survey of Finl and , Spec ia l Paper ( in prep.) 
Genes is and age o f the Virtasa lmi kao lin de pos it s. southeastern Finl and 

75%), AIP3 08-31 %) and Hp (6.3-12.4%) corre
spond to the kaolinite content of 46-79%. Potas
sium content, which is low (0.1-0.6% KP) overall 
is highest in the basal part where traces of K
feldspar and dioctahedral mica were identified by 
XRD. Si02 and AIP3 display contradictory trends 
throughout the profile. The curves of AIP3' Hp, 
Ti02 and FeO are similar to those of kaolinite (cf. 
Figs 11 and 12). The iron and titanium contents of 
white kaolin are low and equal; both are clearly 
bound to ilmenite. The high Fe20 3 content at over 
80 m depth is related to the increase of goethite in 
coloured kaolin. V and Cr have similar curves to 
Ti02 and A120 3. The Ni content increases down
wards in the kaolin profile. Also Au 0-13 ppb), Pd 
« 3 ppb) and Te (7-32 ppb) determinations were 
made from kaolin in R669 but these elements con
centrations are very low and under the detection 
limit in the <2 Ilm fraction. 

In drill core, R50 I kaolin is composed almost 
entirely of kaolinite as shown by high alumina (36-
27 %, AIP3)' low silica (44-56% Si02) and high 
watercontent (11-15 % HP). Also titanium is rather 
high (1 .5-2.2% Ti02). The occurrence ofunoxidized 
pyrite in the basal part of the kaolin horizon can be 
seen from high iron (4.4% Fe20 31) and sulphur 
(3.2% S) contents. The alumina content ofkaolin in 
R588 is high, 31-25 % AIP3' but decreases in the 
lower part of the profile while silica (52-61 %) and 
potassium (0 .2-1.3 % KP) increase because of 
higher quartz and K-feldspar contents . The chem
istry of kaolin in R537 shows a trend , which can be 
predicted from its mineral composition. With depth 
AIP3 (25-15 %), Hp (10-5 %) and Ti0

2
0-O.3 %) 

decrease and contents of Si02 (62-74%), Fe20 3101 
(0.1-1.6%), MgO (0.1- 0.3%), K20 (0.6-3.0%) and 
Na20 (0.01-0.4%) increase respectively. These 
changes correspond to the rise in quartz and ap
pearance of dioctahedral mica, K-feldspar , 
plagioc\ase and trioctahedral mica (biotite) in the 
mineral assemblage. 

The kaolin in R522 differs from that of the 
previous drill core; AI

2
0 3 (31-34%) and Ti02 (1.7-

2.2%) are higher and Si02 (48-52%) is lower. The 
concentration ofiron (0.6-4.8% Fep3) is highestin 
the basal , coloured , goethite-bearing kaolin. The 
chemical differences reflect the higher kaolinite 
and lower quartz content of the mineral composi
tions in R522 compared to the nearby R669. Tita
nium is bound to ilmenite and iron to both ilmenite 
and goethite. In R584 the gradual alteration of 
kaolin into partially altered mica gneiss is indi
cated by the depletion of kaolinite and the increase 
of quartz , biotite and plagioc\ase at depth . Further, 

the decrease of AIP3 (32-17 %), Hp (14.2-4.6%) 
and Ti02 (2 .3-0.6%) and increases in Si02 (47-
66%), Fep3101 (2.1-7 %), MgO (0 .8-3.4%), CaO 
(0.2-1.1 %), Kp (0.5-2.3 %) and Nap (0.0-1.5 %) 
are directly related to depth . The trace elements V, 
Cr, Ni, Cu and Ga also decrease with depth, but Zn , 
Rb, Sr, Y, Zr, Nb, Ba, La, and Ce have an opposite 
trend. The kaolin of R584 usually has higher iron, 
magnesium , calcium, and potassium concentra
tions than kaolin in R669 , R501 , R537 and R522 . 
These differences are probably due to the parent 
rock composition and the location of drill hole 
R584 at the margin of the deposit. 

Chemical variation in kaolin profiles devel
oped on amphibolite can be study from analyses in 
Appendix 1 and Fig. 12. The kaolin of R531 is 
composed mainly of Si02 (39-51 %), AlP3 (27-
32%) and Hp (12-15 %). Kaolinite is practically 
the only silicate mineral present because quartz is 
missing from the mineral assemblage of the parent 
rock and therefore the silica content is much lower 
than in the previously described drill cores . The 
main impurities , iron (2.4-8 .6% Fep310) and tita
nium oxides (1.8-4.5 % TiO), are bound to goethite 
and ilmenite. The kaolin has a yellowish brown 
colour because of a high iron content. Rusty brown 
weathered rock contains up to 27.4% Fe20 3101 ' The 
average iron content of weathered and unweathered 
diopside amphibolite is quite similar, but the iron 
ofhard rock is mostly FeO. The amounts ofCa, Mg, 
and Na of kaolin are low, but increase towards 
altered and fresh diopside amphibolite. The varia
tion of potassium is less distinct, because it is very 
low both in kaolin and transition zone and in 
underlying diopside amphibolite . Chemical 
changes, i.e. losses of Ca, Mg and Na, correspond 
to the mineralogical alterations caused by the de
composition of carbonate, diopside, hornblende 
and plagioclase. The contents of S, Ni and Cu are 
highest in white kaolin. Usually V, Cr, Zr and La 
are clearly higher in kaolin and transition zone than 
in the fresh parent rock. In contrast, Sr content is 
highest in diopside amphibolite. The contents of 
Au (0-2 ppb) , Pd «3 ppb) and Te «3-29 ppb) are 
low. 

Kaolin in R529 contains less iron oxides than 
kaolin in R531 because the parent rock, biotite 
amphibolite, has les s mafic mineral s than diopside 
amphibolite and the kaolinization has been more 
intensive. Despite this fact, increase of silica (43-
59%) and decrease of alumina (34-15 %) and water 
(15-2%) towards the parent rock are similar in both 
drill cores. The Fe20 3101 content varies from 0.52% 
in white kaolin to 16% in transition zone. 
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Concluding remarks on mineralogy and geochemistry

It can be concluded that a typical mineral assem-
blage of the white kaolin is kaolinite-quartz. The
proportion of quartz is highest in kaolin developed
on quartz-feldspar gneiss. The amount of quartz
increases with depth. If quartz is stable, its content
should be higher in the upper part of the profile
because of removal of more material from there
during kaolinization. Leaching has been most ef-
fective, in R501 and R588. Quartz is rare in the
upper parts of these although kaolin derives from
quartz-feldspar gneiss. The proportion of quartz of
amphibolite, mica gneiss and some feldspar gneiss
is originally low. Kaolinization of these rocks has
often lead to the mineral composition of almost
exclusively kaolinite. Mineral assemblage typical
of the kaolins derived from mica gneiss are:
kaolinite, kaolinite-quarrz, kaolinite-goethite/
haematite and kaolinite-quartz-mica (illite) and
from amphibolite : kaolinite and kaolinite-goethite.
The degree of alteration can vary in different lay-
ers, depending on the amount of less stable miner-
als such as carbonate, diopside, hornblende,

plagioclase and biotite. In the marginal and basal
parts, where the kaolin profile is poorly developed,
a typical mineral composition is kaolinite-quartz-
mica and/or K-feldspar. Smectite is a mineral typi-
cal of transition zone, but is not present in kaolin.

The mineralogy and geochemistry of the kaolins
indicate intensive chemical alteration through the
whole vertical profile. Higher iron, magnesium,
calcium, sodium and potassium concentrations show
the kaolinization is less marked in the basal part.
The changes of colour, grain size, mineralogy and
chemistry are mainly attributable to the composi-
tion ofparent rock such as the contents offeldspars,
qtJartz, biotite and hornblende. The gradual altera-
tion of the kaolin, first into weathered and then
towards the fresh mica gneiss is clear from changes
in chemical composition. Alumina and water con-
tents are highest in the upper kaolin while the
abundance of silica, iron oxides and alkali and

alkaline-earth elements increases with depth be-
cause of less intensive weathering.

Brightness

Brightness or whiteness is the most important
quality criterion for commercial kaolin. The natu-
ral brightness of settled kaolin (<20 pm) is of
course much lower than the brightness of cycloned,
magnetically and chemically refined kaolin (<2
pm). When the natural brightness of Litmanen
kaolin is over 607a and no graphite is present, a

brightness value over 857o has generally been
achieved by refining, which is a minimum criterion
for paper coating kaolin.

Brightness values also reflect the efficiency of
leaching and prevailing oxidation-reduction con-
ditions during kaolinization because brightness has

a negative correlation with the amount of iron and

titanium oxides, and carbon. In the Virtasalmi
kaolin iron occurs mainly as goethite, haematite, or
it is contained in pyrite, ilmenite and mica. Tita-
nium occurs as ilmenite or anatase and carbon as

graphite. Iron oxides, usually goethite, effect the
brightness values most, but graphite is more prob-
lematic because it is difficult to eliminate in process-

ing unless calcination or flotation are used (Sarapää

et al. in press).
The mean values of brightness, yellowness, TiO'

F"rOr,o, and carbon for kaolin (<20 pm) from the

selected drill cores of Litmanen are presented in
Table 1. Kaolin derived from quartz-feldspar gneiss

clearly has higher brightness and lower yellowness

values than kaolin derived from either amphibolite
or mica gneiss. The iron and titanium contents are

also lower. Kaolin derived from quartz-feldspar
gneiss or mica gneiss predominantly belongs to the
category of the white kaolin and has a brightness
value of 6O-85Vo. Kaolin derived from diopside
amphibolite belongs to the coloured kaolin but
kaolin derived from biotite amphibolite (R529) is
dominantly white.

The brightness values and FerOr,o, and TiO, con-
tents are presented as a function ofthe depth in four
different kaolin profiles in Figure 13. In each pro-
file, the curve of F"rO.,o, is a mirror image of the
brightness curve, which shows that the iron content
mainly determines the brightness value. Titanium
and carbon have less effect on the brightness val-
ues. In profile R669 on quartz-feldspar gneiss, the
brightness of kaolin (20-83 m) is high (65-857o)

and FerOr,n, content is low. Iron and carbon con-
tents cause some fluctuation in the upper part of the
profile. The brightness decreases in the lower part
of the profile as iron content increases. The curves
of FerO,,o, andTiOrfollow each others because iron
is mainly within ilmenite. A part of titanium must
occur in other form, either as altered ilmenite,
anatase or titanium hydroxide because there is not
enough iron for ilmenite. In drill hole R522 through
kaolin on mica gneiss, the brightness is also high
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Concluding remarks on mineralogy and geochemistry 

It can be concluded that a typical mineral assem
blage of the white kaolin is kaolinite-quartz. The 
proportion of quartz is highest in kaolin developed 
on quartz-feldspar gneiss . The amount of quartz 
increases with depth . If quartz is stable , its content 
should be higher in the upper part of the profile 
because of removal of more material from there 
during kaolinization. Leaching has been most ef
fective , in R501 and R588. Quartz is rare in the 
upper parts of these although kaolin derives from 
quartz-feldspar gneiss. The proportion of quartz of 
amphibolite, mica gneiss and so me fe ldspar gneiss 
is originally low. Kaolinization of these rocks has 
often lead to the mineral composition of almost 
exclusively kaolinite. Mineral assemblage typical 
of the kaolins derived from mica gneiss are: 
kaolini te, kaolini te-q uartz, kaolinite-goethi tel 
haematite and kaolinite-quartz-mica (illite) and 
from amphibolite: kaolinite and kaolinite-goethite . 
The degree of alteration can vary in different lay
ers, depending on the amount of less stable miner
al s such as carbonate , diopside , hornblende, 

plagioclase and biotite. In the marginal and basal 
parts , where the kaolin profile is poorly developed , 
a typical mineral composition is kaolinite-quartz
mica and/or K-feldspar. Smectite is a mineral typi
cal of transition zone, but is not present in kaolin. 

The mineralogy and geochemistry of the kaolins 
indicate intensive chemical alteration through the 
whole vertical profile . Higher iron, magnesium, 
calcium, sodium and potassium concentrations show 
the kaolini zation is less marked in the basal part. 
The changes of colour, grain size, mineralogy and 
chemistry are mainly attributable to the composi
ti on of parent rock such as the contents of feldspars, 
quartz, biotite and hornblende. The gradual altera
tion of the kaolin , first into weathered and then 
towards the fresh mica gneiss is clear from changes 
in chemical composition. Alumina and water con
tents are highest in the upper kaolin while the 
abundance of silica, iron oxides and alkali and 
alkaline-earth elements increases with depth be
cause of less intensive weathering . 

Brightness 

Brightness or whiteness is the most important 
quality criterion for commercial kaolin. The natu
ral brightness of settled kaolin «20 Ilm) is of 
course much lower than the brightness of cycloned, 
magnetically and chemically refined kaolin «2 
Ilm). When the natural brightness of Litmanen 
kaolin is over 60% and no graphite is present, a 
brightness value over 85 % has generally been 
achieved by refining, which is a minimum criterion 
for paper coating kaolin. 

Brightness values also reflect the efficiency of 
leaching and prevailing oxidation-reduction con
ditions during kaolinization because brightness has 
a negative correlation with the amount of iron and 
titanium oxides, and carbon. In the Virtasalmi 
kaolin iron occurs mainly as goethite, haematite, or 
it is contained in pyrite, ilmenite and mica. Tita
nium occurs as ilmenite or anatase and carbon as 
graphite. Iron oxides , usually goethite , effect the 
brightness values most, but graphite is more prob
lematic because it is difficult to eliminate in process
ing unless calcination or flotation are used (Sarapää 
et al. in press). 

The mean values ofbrightness, yellowness, Ti02, 
Fe20 3101 and carbon for kaolin «20 Ilm ) from the 
selected drill cores of Litmanen are presented in 
Table 1. Kaolin derived from quartz-feldspar gneiss 
clearly has higher brightness and lower yellowness 

values than kaolin derived from either amphibolite 
or mica gneiss. The iron and titanium contents are 
also lower. Kaolin derived from quartz-feldspar 
gneiss or mica gneiss predominantly belongs to the 
category of the white kaolin and has a brightness 
value of 60-85 %. Kaolin derived from diopside 
amphibolite belongs to the coloured kaolin but 
kaolin derived from biotite amphibolite (R529) is 
dominantly white. 

The brightness values and Fe20 3101 and Ti02 con
tents are presented as a function ofthe depth in four 
different kaolin profiles in Figure 13. In each pro
file , the curve of Fe20 3101 is a mirror image of the 
brightness curve , which shows that the iron content 
mainly determines the brightness value. Titanium 
and carbon have less effect on the brightness val
ues. In profile R669 on quartz-feldspar gneiss, the 
brightness of kaolin (20-83 m) is high (65 -85 %) 
and Fe20 3101 content is low. Iron and carbon con
tents cause so me fluctuation in the upper part of the 
profile . The brightness decreases in the lower part 
of the profile as iron content increases . The curves 
ofFe20 3101 andTi02follow each others because iron 
is mainly within ilmenite. Apart of titanium must 
occur in other form, either as altered ilmenite, 
anatase or titanium hydroxide because there is not 
enough iron for ilmenite. In drill hole R522 through 
kaolin on mica gneiss, the brightness is also high 
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except in the basal, coloured part, where F"rOr,o,
increases to over 107o. The curve of TiO, does not
follow that of F"rO.,n,. lron has mostlt leached
away from the upper and middle parts of the profile
and occurs as goethite in the basal part of the
profile. In profiles R529 and R53l the brightness
value varies greatly, mainly depending on the
amount of iron or goethite. The profiles intersect
several layers of weathered rock zone where the
degree of alteration varies, which explains the
variations in brightness and iron content. In these
profiles the highest TiO, values often correlate
with the lowest F"rOr,o, values and highest bright-
ness values.

The results show that the best kaolin i.e. with
high brightness develops from quartz-feldspar
gneiss, that contains small amounts of mafic min-
erals and has a corresponding Iow iron content (Fig

4,Table l). The brightness value of kaolin in R669
correlates positively with the amount of quartz (cf.
Figs 13 and 11), showing that leaching has been
most effective in permeable layers rich in quartz,
where the content of mafic minerals of the original
rock has also been lowest. The variation of the
brightness values in profiles R669 and R522 mainly
depends on the biotite/quartz ratio of the parent
rock. High brightness values and titanium content
and a low iron content of kaolin derived from
biotite amphibolite in the upper and lower parts of
profile R529 indicate very effective leaching of
iron in some vertical, permeable layers. Titanium
has remained as an immobile element, but iron has
leached away, probably in reducing conditions
(Loughnan 1969). This can be seen in the high
brightness values and low iron content of the kao-
lin, although the parent rock is rich in iron.

R669
Kaolin from quartz-feldspar gneiss

R529
Kaolin from biotite amphibolite

R522
Kaolin from mica gneiss

o/"

R531
Kaolin from diopside amphibolite
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Fig. 13. Brightness value gc,total iron as FerO,, TiO, and Cinwtvc (R669), determined from the <20 pm fraction of kaolin, as a function
of depth in four drill cores at Litmanen. The effect of the iron content on the brightness values is strong.
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except in the basal , coloured part, where Fe20 3lOt 
increases to over 10%. The curve of Ti0

2 
does not 

follow that of Fe20 3tot' Iron has mostly leached 
away from the upper and middle parts of the profile 
and occurs as goethite in the basal part of the 
profile. In profiles R529 and R531 the brightness 
value varies greatly, mainly depending on the 
amount of iron or goethite. The profiles intersect 
several layers of weathered rock zone where the 
degree of alteration varies, which explains the 
variations in brightness and iron content. In these 
profiles the highest Ti02 values often correlate 
with the lowest Fe20 3tot va lues and highest bright
ness values. 

The results show that the best kaolin i.e. with 
high brightness develops from quartz-feldspar 
gneiss, that contains small amounts of mafic min
erals and has a corresponding low iron content (Fig 
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Kaolin trom quartz-teldspar gneiss 
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4 , Table 1). The brightness val ue of kaolin in R669 
correlates positively with the amount of quartz (cf. 
Figs 13 and 11), showing that leaching has been 
most effective in permeable layers rich in quartz, 
where the content of mafic minerals of the original 
rock has also been lowest. The variation of the 
brightness values in profiles R669 and R522 mainly 
depends on the biotite/quartz ratio of the parent 
rock . High brightness values and titanium content 
and a low iron content of kaolin derived from 
biotite amphibolite in the upper and lower parts of 
profile R529 indicate very effective leaching of 
iron in so me vertical, permeable layers. Titanium 
has remained as an immobile element, but iron has 
leached away, probably in reducing conditions 
(Loughnan 1969). This can be seen in the high 
brightness values and low iron content of the kao
lin , although the parent rock is rich in iron. 
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Kaolin trom mica gneiss 
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Fig. 13. Brightness va luc %, total iron as Fe, O" T iO, and C in wt% (R669) , determined [rom the <20 ~m fraction ofkao lin , as a function 
of depth in foul' drill cores at Litmanen. The effect of the iron conten t on the brightness va lues is strong. 
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Particle size distribution

The clay content (<2pm) of the Litmanen kaolin
increases in places to over 4OVo,but averages 32Va

(Table 1 and Fig. l4). Kaolin derived from
amphibolite (R529) has more fine particles (<62
pm) fraction and less coarse particles (>62 pm)
than kaolin derived from quartz-feldspar gneiss
(R669 and R537) or mica gneiss (R522). The pro-
portion of the silt fraction (2-62 pm) of kaolin
derived from amphibolite is l07o units higher than
that derived from other rock types. This variation is
dependent on the ratio of kaolintte/quartz. The clay
fraction of kaolin decreases with depth while the

proportion of sandy material increases. This is
clear in kaolin derived from quartz-feldspar gneiss
(R537). Particle size distributions also vary be-
tween the different parts of the deposit. In the
Central and the East occurrences. the amount of the
<20 pm particles is highest, 12-837o (R 501 , R529,
R531 and R588), and in the North and West occur-
rences lowest, 53-72Vo (R 537, R584, R669 and
R52Z). The variation of particle size distribution of
kaolins depends on the quartz content ofthe parent
rock but also on the intensity of weathering.
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Fig. 14. Particle size distribution in lbur difTerent kaolin profiles at Litmanen. The proportion of fine particles (clay and silt) is

smallest ancl that of the coarse fraction (sanri) highest in quartz-f'eldspar gneiss kaolin (R669, R537). Proportion of clay decrcases

while that of sand increases with depth in drill core R537, Litmanen N. The clay and silt contents of kaolin from mica gneiss (R522)

and, especially, from amphibolite (R529) are more abundant than those ofkaolin derivcd from quartz-feldspar gneiss.
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ParticIe size distribution 

The clay content «2 f.lm) of the Litmanen kaolin 
increases in places to over 40%, but averages 32% 
(Table 1 and Fig. 14). Kaolin derived from 
amphibolite (R529) has more fine particles «62 
f.lm) fraction and less coarse particles (>62 f.lm) 
than kaolin derived from quartz-feldspar gneiss 
(R669 and R537) or mica gneiss (R522). The pro
portion of the silt fraction (2-62 f.lm) of kaolin 
derived from amphibolite is 10% units high er than 
that derived from other rock types. This variation is 
dependent on the ratio of kaolinite/quartz. The clay 
fraction of kaolin decreases with depth while the 

proportion of sandy material increases. This is 
clear in kaolin derived from quartz-feldspar gneiss 
(R537). Particle size distributions also vary be
tween the different parts of the deposit. In the 
Central and the East occurrences, the amount ofthe 
<20 f.lm particles is highest, 72-83% (R 501, R529, 
R531 and R588), and in the North and West occur
rences lowest, 53-72% (R 537, R584, R669 and 
R522). The variation of particle size distribution of 
kaolins depends on the quartz content of the parent 
rock but also on the intensity of weathering. 
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Fig. 14. Particle s ize distribution in four diffe re nt kaolin profiles at Litmane n. The proportion of fine particles (c lay and si lt ) is 
smallest and th at of the coarse fraction (sand ) highes t in quartz-feldspar gneiss kaolin (R669, R5 37). Proportion o f c lay decreases 
whil e that of sand increases wi th depth in drill core R537 , Litmane n . The c lay and s ill con ten ts ofkaolin from mica gneiss (R522 ) 
a nd , espec iall y, from amphibolite (R529 ) are more ab undant than those of kaolin der ived from quartz-feldspar gne iss. 
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At Ukonkangas, the kaolinized zone is 3 km long
and 130 m wide. It is closely associated with a

carbonate rock belt (Fig. 2). The thickness of kao-
lin is over 50 m. The glacial overburden is about 20
m thick and is mostly composed of till, which has
a consolidated basal part. The kaolin is white, light
grey to grey or light brown and predominantly
belongs to the category of white kaolin with a

natural brightness over 607o. The main minerals
are kaolinite (10-l007o) and quartz. The kaolin
grades with depth into quartz-feldspar gneiss, graph-
ite-bearing mica gneiss, amphibolite and tonalite
(Fig. 15). A weathered quartz-rock, porous and
broken into small pieces, fbrms vertical layers in
the kaolin and it lowers the kaolinite contents.
Based on the observations from drill core R654 it is
believed that originally quartz-rock was a quartz-
diopside-carbonate rock. The regional bedding and

DESCRIPTION OF UKONKANGAS KAOLIN DEPOSIT

General features

schistosity steeply dip 70-85"NE.
The mineral compositions of different parent

rock types are presented in Fig. 16. Quartz-feldspar
gneiss, a fine-grained (0.3 mm), granoblastic, bed-
ded rock, contains much plagioclase An., (44-
557o) and quartz (20-367o); and variable amounts
of K-feldspar (3-l0Vo), biotite (1-l5Vo) and musco-
vite (ZVo). Tremolite, sphene, ilmenite, zircon and
apatite, pyrite and graphite are typical accessory
minerals. Tonalite is granoblastic, gneissose,
strongly sheared rock, and has coarser grain size
(0.5 mm) than quartz-feldspar gneiss. It has about
the same composition as quartz-feldspar gneiss but
contains more mafic minerals; 10-207o hornblende
+ biotite and a little K-feldspar (< 5Va). Dark green
amphibolite c ontai ns much hornblende (48 - 57 Vo),
plagioclase An., (24-3l%o) and biotite (12-187a)
and some ilmenite.
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Fig. 15. Cross section from Ukon-
kangas including drill holes R384,
R382, R385 and R654 described in
text. The section is based on drilling
and gravity measurements.

20

10

*""

a"t"
".'""

C d"oot"".".C "o'.

Ioulnrz-relospAR GNElss Zetotte aMpHtBoLtrE Fig. 16. Mineral composition of parent rocks at Ukonkangas, based on
point counting (1000 points) of l0 thin sections.nronlrrre

108

n cnlrooroRrre

Geological Survey of Finland, Special Paper (in prep.) 
Ol/i Sarapää 

DESCRIPTION OF UKONKANGAS KAOLIN DEPOSIT 

General features 

At Ukonkangas, the kaolinized zone is 3 km long 
and 130 m wide. It is closely associated with a 
carbonate rock belt (Fig. 2). The thickness of kao
lin is over 50 m. The glacial overburden is about 20 
m thick and is mostly composed of till, which has 
a consolidated basal part. The kaolin is white, light 
grey to grey or light brown and predominantly 
belongs to the category of white kaolin with a 
natural brightness over 60%. The main minerals 
are kaolinite (10-100%) and quartz. The kaolin 
grades with depth into quartz-feldspar gneiss, graph
ite-bearing mica gneiss, amphibolite and tonalite 
(Fig. 15). A weathered quartz-rock, porous and 
broken into small pieces, forms vertical layers in 
the kaolin and it lowers the kaolinite contents. 
Based on the observations from drill core R654 it is 
believed that originally quartz-rock was a quartz
diopside-carbonate rock. The regional bedding and 

R384 R382 R385 

schistosity steeply dip 70-8SONE. 
The mineral compositions of different parent 

rock types are presented in Fig. 16. Quartz-felds par 
gneiss, a fine-grained (0.3 mm) , granoblastic, bed
ded rock, contains much plagioclase An

33 
(44-

55 %) and quartz (20-36%); and variable amounts 
of K-feldspar (3-10%), biotite (7 -15 %) and musco
vite (2%). Tremolite, sphene, ilmenite, zircon and 
apatite, pyrite and graphite are typical accessory 
minerals . Tonalite is granoblastic, gneissose, 
strongly sheared rock, and has coarser grain size 
(0.5 mm) than quartz-feldspar gneiss. It has about 
the same composition as quartz-feldspar gneiss but 
contains more mafic minerals; 10-20% hornblende 
+ biotite and a little K-feldspar « 5%). Dark green 
amphibolite contains much hornblende (48-57%), 
plagioclase An

35 
(24-31 %) and biotite (12-18 %) 

and some ilmenite. 
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Fig. 15. Cross sec tion from Ukon
kangas including drill holes R384, 
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lext. The sec lion is based on drilling 
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point counting (1000 points) of 10thin sections. 



In a cross section from Ukonkangas (Fig. 15,

R384 (inclination 60"SW) intersects kaolin and
weathered rock before reaching an unaltered gneiss
on the southwestern margin of the section. Greyish
white kaolin (20-37 m), which has a few graphite-
rich layers, grades into partially kaolinized, mica
gneiss (37-40 m) with alternating layers of par-
tially altered, heterogeneous quartz-feldspar gneiss
(40-49 m), that overlies a fresh, fine-grained quartz-
feldspar gneiss.

Drill holes R382 and R385 do not reach the
basal rock because quartz-rock layers made drill-
ing with a reasonable core recovery rate impossi-
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Kaolin profiles

ble. R654 was drilled behind R385 and it intersects
layers of dolomite rock, tonalite, amphibolite and
quartz-rock. Core drilling in R382 (inclination 70"/
SW) started with a hard kaolinite-bearing till (15-
18 m) and continued with massive, light brown
kaolin ( l8-54 m), very rich in clay material and was
stopped in a weathered quartz-rock. The parent
rock was not reached, but 100 m southeast along
strike, R388 intersects kaolin of same colour, gradu-
ally changing into amphibolite. In R385, kaolin is
white (22-48 m) and has quartz-rock layers. Kaolin
becomes sandy in the basal part and it has a similar
texture to the tonalite (Figs 89, h).

Mineralogy

The amount of kaolinite, quartz, mica and
feldspars varies greatly at Ukonkangas. Kaolinite
content is highest, 967o in R382, in the middle of
the section, where kaolin is probably derived from
amphibolite (Table 4), In the other drill cores
(R384, R385) on the margins of the section the
kaolinite content is only about207o. Quartz, often
abundant in Ukonkangas kaolin, is pure, brittle and

corroded. Besides kaolinite, the raw kaolin of R382
contains a little quarlz and dioctahedral mica.
Ilmenite, anatase and monazite have been detected
by XRD from heavy mineral concentrates. The <20
pm and <2 ltm fractions are predominantly com-
posed of kaolinite and contain only traces of quartz
and dioctahedral mica. The sharp X-ray patterns
and DTA curves with an endothermic peak at 550o

and an exothermic peak at 990" indicate that
kaolinite is well-ordered similar to SPS-kaolin from
Cornwall, which has peaks at 550" and 985" respec-
tively. Calculations from the chemical analyses
gives ca. 907o kaol\nite in the raw kaolin and ca.

957o inthe <20pmfraction of R382 (Table 4). The

titanium content is the same in the<20 pm fraction
and in the raw kaolin. The < 2 pm fraction is pure

kaolin containing 43.3 Vo SiOr,37.l7aAl2o3, 13.6

Vo, HrO, 0.2- 1 .9 Vo,TiO, and 0. 6- I . | 7o F e rO.,,o, .

The main constituents of kaolin in R384 are

kaolinite (15-207c), q\artz, K-feldspar and mica.
The minor constituents are chlorite, ilmenite and in
some layers graphite. The kaolin of the basal part
has more mica, but does not contain any plagioclase
that is abundant in underlying mica gneiss and
quartz-feldspar gneiss. Thin section studies show
that the least stable minerals in the quartz-feldspar
gneiss are, in order, pyrite, tremolite, biotite,
plagioclase, K-feldspar and quartz. Pyrite alters
goethite; tremolite and biotite change to goethite,
white mica and kaolinite; plagioclase to kaolinite.
Alteration starts in the cracks of the minerals and is

strongest around altered pyrite grains. In R385
kaolinite content is rather low, l0-407o. The amount
of kaolinite and quartz decrease with depth, while
the content of feldspar and mica increases (Appen-
dix 6). In the basal kaolin, the feldspar content is

607o.In both R384 and R385 the content of quartz
increases upwards while at Litmanen the situation
is opposite. The main clay mineral at Ukonkangas
is kaolinite. Smectite is rare, occurring in transition
zone and abundantly at the contact between
kaolinized tonalite and a dolomite rock (R654).
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Kaolin profiles 

In a cross section from Ukonkangas (Fig. 15 , 
R384 (inclination 600 SW) intersects kaolin and 
weathered rock before reachi ng an unal tered gneiss 
on the southwestern margin of the section. Greyish 
white kaolin (20-37 m) , which has a few graphite
rich layers , grades into partially kaolinized, mica 
gneiss (37-40 m) with alternating layers of par
tially altered , heterogeneous quartz-feldspar gneiss 
(40-49 m), that overlies a fresh, fine-grained quartz
feldspar gneiss . 

Drill holes R382 and R385 do not reach the 
basal rock because quartz-rock layers made drill
ing with a reasonable core recovery rate impossi-

ble. R654 was drilIed behind R385 and it intersects 
layers of dolomite rock, tonalite , amphibolite and 
quartz-rock. Core drilling in R382 (inclination 70°/ 
SW) started with a hard kaolinite-bearing till (15-
18 m) and continued with mass ive, light brown 
kaolin (18-54 m) , very rich in clay material and was 
stopped in a weathered quartz-rock. The parent 
rock was not reached , but 100 m southeast along 
strike, R388 intersects kaolin of same colour, gradu
ally changing into amphibolite. In R385 , kaolin is 
white (22-48 m) and has quartz-rock layers. Kaolin 
becomes sandy in the basal part and it has a similar 
texture to the tonalite (Figs 8g, h). 

Mineralogy 

The amount of kaolinite , quartz, mica and 
feldspars varies greatly at Ukonkangas. Kaolinite 
content is highest, 96% in R382 , in the middle of 
the section, where kaolin is probably derived from 
amphibolite (Table 4). In the other drill cores 
(R384, R385 ) on the margins of the section the 
kaolinite content is only about 20%. Quartz, often 
abundant in Ukonkangas kaolin, is pure, brittle and 
corroded. Besides kaolinite , the raw kaolin ofR382 
contains a IittIe quartz and dioctahedral mica. 
Ilmenite, anatase and monazite have been detected 
by XRD from heavy mineral concentrates. The <20 
J..lm and <2 J..lm fractions are predominantly com
posed ofkaolinite and contain only traces of quartz 
and dioctahedral mica. The sharp X-ray patterns 
and DT A curves with an endothermic peak at 550° 
and an exothermic peak at 990° indicate that 
kaolinite is well-ordered sim il ar to SPS-kaolin from 
Cornwall, which has peaks at 550° and 985° respec
tively. Calculations from the chemical analyses 
gives ca. 90% kaolinite in the raw kaolin and ca. 
95 % in the <20 J..lm fraction of R382 (Table 4). The 
titanium content is the same in the<20 J..lm fraction 
and in the raw kaolin . The < 2 J..lm fraction is pure 
kaolin containing 43.3 % Si02, 37. 1 %AIP3' 13.6 

%, Hp, 0.2-1.9%,Ti0
2 

and 0 .6-1 .1 % Fe
2
0 3 . 

- ~ 

The main constituents of kaolin in R384 are 
kaolinite (15-20%), quartz , K-feldspar and mica. 
The minor constituents are chlorite, ilmenite and in 
some layers graphite. The kaolin of the basal part 
has more mica, but does not contain any plagioclase 
that is abundant in underlying mica gneiss and 
quartz-feldspar gneiss. Thin section studies show 
that the least stable minerals in the quartz-feldspar 
gnei ss are, in order, pyrite, tremolite, biotite, 
plagioclase, K-feldspar and quartz. Pyrite alters 
goethite; tremolite and biotite change to goethite, 
white mi ca and kaolinite ; plagioclase to kaolinite. 
Alteration starts in the cracks of the minerals and is 
strongest around altered pyrite grains . In R385 
kaolinite content is rather low, 10-40%. The amount 
of kaolinite and quartz decrease with depth, while 
the content of feldspar and mica increases (Appen
dix 6) . In the basal kaolin, the felds par content is 
60%. In both R384 and R3 85 the content of quartz 
increases upwards while at Litmanen the situation 
is opposite. The main clay mineral at Ukonkangas 
is kaolinite. Smectite is rare , occurring in transition 
zo ne and abundantly at the contact between 
kaolinized tonalite and a dolomite rock (R654). 
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Table 4. Average properties of Ukonkangas raw kaolin and <20pm and 2 pm fraction; brightness, mineralogical composition (XRD), particle
size (Sedigraph), and chemical composition (XRF), drilt cores R382, R384 and R385.

Drill core

R384

Raw <20 pm 12 ptm <2O pm 12 pm <20 pm 12 prm

Brighmess %

Minimum

Maximum

Yellowness 7o

74

66

80

5

)f

46

58

l6

66

62

7l
t2

Kaolinite %

Minimum

Maximum

Quartz
Mica
Feldspar

10088

80

95

6

6

10098

95

r00

I

96

95

100

J

1

t8
15

20

30

28

)\

84

60

100

4

5

8

20

l0
40

JJ

8

38

<2pm %

<2O pm

162 pm

J)

88

92

18

44

50

t7
42

48

SiO2 Vo

Tio2

A12ol

Fe2O3 tot

MnO
Mgo
CaO

NarO

KrO

Prot
Hto
C

s

43.73

2.70

34.6s

.94

.01

.M

.t4

.01

.51

.l)

.o4

43.85

2.47

36.91

.63

.01

.01

.05

.18

.) -t

.27

.01

43.31

1.87

37.12

.)f

.00

.15

.13

.00

.00

.30

13.57

.)/

.42

60.78

.63

20.68

2.36

.02

.78

.97

.80

2.40

.5 t

.06

46.83

.62

35.70

.88

.01

.q

.09

.46

1.09

.15

.w

44.62

.80

35.96

.79

.00

.53

.16

.05

.JJ

t4.t6
.&
.02

65.60

.27

22.t3
.98

.02

.)z
1.42

I.JJ
t{t

.09

.00

47.t7 44.30

.23 .24

35.97 36.88

1.1 I 1.10

.01 .00

.19 .32

.t3 1.10

.47 .00

r.L2 .04

.13 .21

- 14.68

- .5t

.00 .01

R 382 Kaolin derived from amphibolite, depth 20-50m
R 384 Kaolin derived from quartz-feldspar gneiss, depth 20-37m
R 385 Kaolin derived from tonalite, depth 29-49m

N
FerO,
Hro
c
s

: number of samples
: total iron as FerO,
: total water
: total carbon
: total sulphur

Geochemistry

The kaolin of R382 is rich in kaolinite and is
chiefly composed of SiO, (42-46Vo), Al,O. (31-
36Va) and H2O (14-2lVo, Appendix 2). T'he"main
impurities are TiO2, from 1.8 to 3. l%o and FerO,,oi
from 0.5 to 7 .4Vo, which are in ilmenite and anatase.
The chemical composition of kaolin is quite con-
stant throughout this 30 m long profile. High V, Cr,

Ni, Cu andznare also a typical feature of the kaolin
in R382. The high content of Ti, V, Cr and Ni
suggests a probable parent rock is amphibolite, as
in tonalite the content of these elements is low.
Derivation from amphibolite also explains the high
kaolinite content. The amphibolite contains
plagioclase, hornblende and biotite, amons the

ll0

Geologieal Survey of Finland . Special Paper (in prep.) 
Ol/i Sarapää 

Table 4. Average propenies of Ukonkangas raw kaolin and <2011m and 211m fraction; brightness . mineralogieal eompos ition (XRD). particle 
size (Sedigraph). and ehem ieal eomposition (XRF) . dr ill cores R382. R384 and R385. 

Drill core 

R382 R384 R385 

Raw <20/-,m <2/-'m Raw <20 /-,m <2/-,m Raw < 20/-,m <2 /-,m 

Brightness % 55 74 66 
Minimum 46 66 62 
Maximum 58 80 71 71 

Yellowness % 16 5 12 

Kaolinite % 96 98 100 18 84 100 20 88 100 
Minimum 95 95 15 60 10 80 
Maximum 100 100 20 100 40 95 

Quartz 3 30 4 33 6 
Mica 28 5 8 6 
Feldspar 25 8 38 

<2 1-'m % 35 18 17 

< 20 l-'m 88 44 42 

< 621-'m 92 50 48 

SiOz % 43.73 43 .85 43.31 60.78 46.83 44.62 65 .60 47.17 44 .30 
Ti02 2.70 2.47 1.87 .63 .62 .80 .27 .23 .24 

AlzO, 34.65 36.97 37.12 20.68 35.70 35.96 22.13 35 .97 36.88 

FezO, tot .94 .63 .55 2.36 .88 .79 .98 1.11 1.10 
MnO .0 1 .01 .00 .02 .01 .00 .02 .01 .00 
MgO .04 .0 1 .15 .78 .40 .53 .32 .19 .32 

CaO .14 .05 .13 .97 .09 .16 1.02 .13 1.10 
Na20 .01 .18 .00 .80 .46 .05 1.33 .47 .00 

KzO .5 1 .5 1 .00 2.40 1.09 1.52 1.12 .04 

PzO, .15 .27 .30 .37 .15 .33 .09 .13 .2 1 

HzO 13.57 14.16 14.68 

C .57 .64 .37 

S .04 .01 .02 .06 .02 .02 .00 .00 .01 

N 6 6 3 4 4 3 3 3 3 

R 382 Kaolin derived from amphibolite, depth 20-50m 
R 384 Kaolin derived from quartz-feldspar gneiss, depth 20-37m 
R 385 Kaolin derived from tonalite, depth 29-49m 

N number of sampies 
Fe2ü 3 total iron as Fe2ü 3 

HP total water 
C total carbon 
S total sulphur 

Geochemistry 

The kaolin of R382 is rich in kaolinite and is 
chiefly composed of Si0

2 
(42-46%), AlP3 (31-

36%) and Hp (14-21 %, Appendix 2). The main 
impurities are Ti0

2
, from 1.8 to 3.1 % and Fe

2
0 3to; 

from 0.5 to 1.4%, which are in ilmenite and anatase. 
The chemical composition of kaolin is quite con
stant throughout this 30 m long profile . High V, Cr, 
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Ni, Cu and Zn are also a typical feature ofthe kaolin 
in R382 . The high content of Ti , V, Cr and Ni 
suggests a probable parent rock is amphibolite, as 
in tonalite the content of these elements is low. 
Derivation from amphibolite also explains the high 
kaolinite content. The amphibolite contains 
plagioclase, hornblende and biotite, among the 



least stable minerals during kaolinization, and a

small amount of stable quartz. Further, the quartz
rock layers, after dissolution of diopside and car-
bonate, have served as a good drainage system for
circulating water and advanced kaolinization.

In R384 kaolinization is not complete because
aluminium (20-237o Al2O3) is relatively low and
silica (48-677o SiOr), iron (0.9-4.77o FerOr.o) and
potassium (2.7-2.57o KrO) are high . The decrease
of alumina and water and increase of silica. iron.
potassium, sodium and calcium show that the ef-
fect of kaolinization reduces with depth. There is
wide variation of Fe, Ti, V, Cr, Ni,Cu and Zn in
kaolin because clearly the parent rock is heteroge-
neous. In R385, the alteration has been less marked
than in R382. Silica is higher (65-667o SiO, ), but
alumina (2I-247o Al2O3 ) and water (5-9Vo HrO) are
lower because the higher content of quartz and
lower content of kaolinite. The magnesium, cal-
cium, sodium, potassium concentrations of kaolin
are low but increase with depth and the chemical
composition of basal kaolin is nearly equal to that
of the tonalite in R654. Kaolin of R385 has dis-
tinctly lower content of V, Cr, Ni, Cu andZn than
R382 and is similar in composition to the tonalite
in R654.

Fig. 17. Particle size distribution in drill cores R382, R384 and R385, at

Ukonkangas.

There is much variation in particle size distribu-
tion of kaolin in the drill cores of Ukonkangas (Table

4,Fig.17). In R382 fine particles dominate and the

proportion of the <20 pm fraction (> 887o) is highest
in all the Virtasalmi kaolins. In contrast, the <20 pm
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R382
Kaolin from amphibolite

+ kaolinite %
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R384
Kaolin f rom quartz-feldspar gneiss

Ed 16z um

I eo-ez
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!.2
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Cumulative %

R385
Kaolin from tonalite

Itsz um

ü zo-ez

E ro-zo

I e-ro
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D.z

Brightness

The average brightness value of the <20 pm and titanium (0.627o TiOr) are relatively low. The

fraction kaolin in the three drill cores varies from low brightness (557o) of drill core R382 is probably
557o to 747o (Table 4). The brightness value is due to high titanium(2.57o TiOr) or carbon.
highest in R384, where both iron (0.97o FerO,,n,)

Particle size distribution

40 60

Cumulative %

proportion in R384 and R385 is only one half from
that amount. The decrease in fine particles as a func-
tion of the depth is a clear trend in these two drill
cores.
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least stable minerals during kaolinization , and a 
small amount of stable quartz. Further, the quartz 
rock layers , after dissolution of diopside and car
bonate, have served as a good drainage system for 
circulating water and advanced kaolinization . 

In R384 kaolinization is not compIete because 
aluminium (20-23 % AIP3) is relatively low and 
silica (48-67 % Si02), iron (0 .9-4.7% Fep3(01) and 
potassium (2.1-2.5 % KP) are high . The decrease 
of alumina and water and increase of silica, iron, 
potassium, sodium and calci um show that the ef
feet of kaolinization reduces with depth . There is 
wide variation of Fe , Ti, V, Cr, Ni,Cu and Zn in 
kaolin because clearly the parent rock is heteroge
neous . In R385 , the alteration has been less marked 
than in R382. Silica is higher (65-66% Si0

2
), but 

alumina(21-24% AIP3) and water (5-9% HP) are 
lower because the high er content of quartz and 
lower content of kaolinite . The magnesium, cal
cium , sodium, potassium concentrations of kaolin 
are low but increase with depth and the chemical 
composition of basal kaolin is nearly equal to that 
of the tonalite in R654. Kaolin of R385 has dis
tinctly lower content of V, Cr, Ni, Cu and Zn than 
R382 and is similar in composition to the tonalite 
in R654. 

Fig. 17. Particle size di stribution in drill cores R382, R384 and R385, at 
Ukonkangas. 
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Brightness 

The average brightness value of the <20 11m 
fraction kaolin in the three drill cores varies from 
55 % to 74% (Table 4). The brightness value is 
highest in R384, where both iron (0.9% Fep3(0) 

and titanium (0.62% TiO) are relatively low. The 
low brightness (55 %) of drill core R382 is probably 
due to high titanium (2.5 % Ti02) or carbon. 

Particle size distribution 

There is much variation in particle size distribu
tion ofkaolin in the drill cores ofUkonkangas (Table 
4, Fig. 17). In R382 fine partieles dominate and the 
proportion of the <20 11m fraction (> 88 %) is highest 
in all the Virtasalmi kaolins. In contrast, the <20 11m 

proportion in R384 and R385 is only one half from 
that amount. The decrease in fine partieles as a func
tion of the depth is a clear trend in these two drill 
cores. 
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DESCRIPTION OF THE VUORIJOKI

General features

KAOLIN DEPOSIT

At Vuorijoki, based on the gravity measure-
ments, the area of weathered bedrock is 58 ha. It is
overlain by a 20-40 m thick glacial formation.
Drilling has confirmed that kaolin occurs at least
within a 20 ha area, the remaining 38 ha consist of
dark kaolinitic clays and partially kaolinized rocks
(Fig. 2). The thickness of kaolin ranges fiom 20 m
to 70 m, although deep weathering locally reaches
a depth of over 120 m below the till cover. The
white kaolin forms a half of the total kaolin and the
other half is composed of coloured (red and yellow-
brown) and grey kaolin.

The bedrock of the weathered area at Vuorijoki
mainly consists of quartz-feldspar gneiss and mica
gneiss. Amphibolite and carbonate rock occur in
the margins of the area. The shape of kaolin depos-
its conform to the fold structure and layering (ver-
tical bedding) of the parent rocks.

The parent rock is a quartz-feldspar gneiss or
mica gneiss. Quartz-feldspar gneiss typically con-
tains much plagioclase An.,, (5l-66Vo), quartz (g-
23Vo), variable amount of K-feldspar (0-48 7o), and
biotite (6-1lqa) (Fig. l8). Graphite and pyrite as

Kaolin

Figure 19 presents a cross section of Vuorijoki
East based on diamond drilling and gravity meas-
urement. Drill holes R510, R504, R572 and R574
first intersect a soil cover of 25 m, with a f-ew metres
consolidated till in the basal part, then kaolin, a
transition zone and quartz-feldspar gneiss. In R5 I 0
(inclination 60"SW) l6 m of light grey kaolin were
cored. The transition zone between soft kaolin and
hard, broken quartz-feldspar gneiss is only 1 m

..c C 
"."t" d.C "o"o

o' '^"
^"-.

tr"
I reLo-cH nsor 2 onrz-reLo-cr.t nsr o EE ouz-rsLo-cn nszz
Durcn cru nszg Donrz-relo-clr nsza

Fig. 18. Mineral composition of parent rocks at Vuorijoki, based
on point counting (1000 points) of l0 thin sections.

additional minerals are common in both rock types
and in R504 sphene and apatite are common. Mica
gneiss contains more biotite (207o) and graphite
than quartz-feldspar gneiss.

profiles

thick. In R504 (inclinarion 60"SW) the transition
zone is wider; a light grey kaolin (40-i 4 m) seem to
pass through a dark grey kaolinite- bearing and biotite-
rich gneiss (74-79 m) and partially altered gneiss
into a broken quartz-feldspar gneiss (79-88 m).

In R572 there is yellowish brown kaolin from29
m to 54 m benearh a consolidated till layer (Fig
20a), white to light grey kaolin from 54 m to 81 m,
a dark grey transition zone from 8l to 90 m and

R51 0 R572 R504

Fig. 1 9. Closs section from Vuorijoki includ-
ing drill holes R-5 10. R-504, R572 and R57.1
described in text. The section is based on
drilling and gravity measurements.
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DESCRIPTION OF THE VUORIJOKI KAOLIN DEPOSIT 

General features 

At Vuorijoki , based on the gravity measure
ments , the area of weathered bedrock is 58 ha. It is 
overlain by a 20-40 m thick glacial formation. 
Drilling has confirmed that kaolin occurs at least 
within a 20 ha area , the remaining 38 ha consist of 
dark kaolinitic clays and partially kaolinized rocks 
(Fig. 2) . The thickness of kaolin ranges from 20 m 
to 70 m, although deep weathering locally reaches 
a depth of over 120 m below the till cover. The 
white kaolin forms a half of the total kaolin and the 
other half is composed of coloured (red and yellow
brown) and grey kaolin . 

The bedrock of the weathered area at Vuorijoki 
mainly consists of quartz-feldspar gneiss and mi ca 
gneiss. Amphibolite and carbonate rock occur in 
the margins of the area. The shape of kaolin depos
its conform to the fold structure and layering (ver
tical bedding) of the parent rocks. 

The parent rock is a quartz-feldspar gneiss or 
mica gneiss. Quartz-feldspar gneiss typically con
tains much plagioclase An

33 
(51-66%), quartz (9-

23 %), variable amount of K-feldspar (0-48 %), and 
biotite (6-11 %) (Fig . 18) . Graphite and pyrite as 
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Fig. 18. Mineral compos ition of parent rocks at Vuorij ok i, based 
on point couillin g ( 1000 points) o f 10 lhin sec tio ns. 

additional minerals are common in both rock types 
and in R504 sphene and apatite are common . Mica 
gneiss contains more biotite (20%) and graphite 
than quartz-feldspar gneiss. 

Kaolin profiles 

Figure 19 presents a cross section of Vuorijoki 
East based on diamond drilling and gravity meas
urement. Drill holes R510, R504, R572 and R574 
first intersect a soil cover of25 m, with a few metres 
consolidated till in the basal part, then kaolin, a 
transition zone and quartz-feldspar gneiss . In R51 0 
(inc l ination 600 SW) 16 m of light grey kaolin were 
cored. The transition zone between soft kaolin and 
hard, broken quartz-feldspar gneiss is only I m 

sw 

thick. In R504 (inclination 600 SW) the transition 
zone is wider; a light grey kaolin (40-7 4 m) seem to 
pass through a dark grey kaol inite- bearing and bioti te
rich gneiss (74-79 m) and partially altered gneiss 
into a broken quartz-feldspar gneiss (79-88 m). 

In R572 there is yellowish brown kaolin from 29 
m to 54 m beneath a consolidated till layer (Fig 
20a) , white to light grey kaolin from 54 m to 8 1 m, 
a dark grey transition zone from 81 to 90 m and 
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\. " . 

. ,,' . ~ x: : 
. " ~ . 

E;!J Till 
o White kaolin 
!iEl Grey kaolin 

- Coloured kaolin 
flS;JWeathered bedrock 

Fi g . 19. Cross sec tion fro m Vuorij o ki inc lud
in g drill ho les R51 0 , R504 , R5 72 and R574 
desc ribed in tex!. The seclion is based on 
drillin g and gravi ty measure ments. 
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bcloll this unaltcred cluartz-feldspar gnciss. A
gr.cenish clay alternating u rth nearly l'rcsh qualtz-
fcldspar gnciss is t1'pical ol' the transition zone.
r.lhich coutaills several pel'ccnts ofrraphite tnrax
I 'rtC') and p1'rite . and a lot of biotite. Thcrc is clcar'
relict blrnclint cspccially in coloulecl kaolin in the

(ieologierl Srrrrcr ol Finlanrl. Spctial I'epcr 1in prcp 1

(it'rrcsrs lurd ir!c ()l tlrc \ irtrnalnrj kaolin rlcP,,.it:. \(rutheislcrl Finlün(1

uppcr part ol profi le rrncl ilr the basirl lransition z0nc
(Fig. 20b). In R574 (inclination 60 SW). at 4.1 nr

dcpth. lieht grel,kuolin passcs into dark grcv r.r,euth-

erccl -sneiss rich in nrica lrncl gr-aphite.'l'his transi
tion zone hi'rlizon is 20 rn thrck and is r-rndcrlain bv
stronglv l ractr-rred. parti al lv kaoi i nizecl gnei ss.
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below this unaltered quartz-feldspar gneiss . A 
greenish elay alternating with nearly fresh quartz
feldspar gneiss is typieal of the transition zone, 
whieh eontains several pereents of graphite (max 
8 %C) and pyrite, and a lot ofbiotite . There is clear 
reliet banding espeeially in eoloured kaolin in the 
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u pper part of profi le and in the basal transi tion zone 
(Fig. 20b). In R574 (inclination 600 SW), at 43 m 
depth, light grey kaolin passes into dark grey weath
ered gneiss rieh in miea and graphite. This transi
tion zone horizon is 20 m thiek and is underlain by 
strongly fraetured , partially kaolinized gneiss. 

Fig. 20. a) Kao lin beneath a n.s m thick consolidated till in RSn, Vuorijoki. b) Banded and disturbed kao lin in RS72 , Vuorijoki. c) Tonalite 
textured kao lin in weil 1, depth 15 m (R697 ). d ) Bedded texture ofamphibolite in kao lin ofWell I, depth 22 m.e)Yellowish li ght brown kao lin 
passing into sheared tonali te w ith vertiea l joints, in drill eore R6S6, Eleläkylä. f) Primary bedding in lhe sedimentary kao lin of Iso-Naakk ima 

in R385. 
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Mineralogy

On average the white kaolin of Vuorijoki con-
tains 527o kaolinite, 257o qtartz, mica, K-feldspar
and plagioclase. XRD analysis has identified graph-
ite, pyrite, goethite, haematite, amorphous iron
hydroxide, ilmenite, anatase, rutile and chlorite
and rare illite, smectite and sepiolite.

The kaolinite contents of R504. R510. R572 and
R57 4, fro m XRD analy si s, ar e 687o, 527o, 687o and

47Vo respectively (Table 5). Kaolinite occurs as
grains less than 20 ptm and in the lower parts of the
kaolin profiles, the coarser fraction mostly consists
of quartz (0.1-1.0 mm, avg. 0.3 mm), dioctahedral
(muscovite) or trioctahedral (biotite) mica and
feldspars. Goethite and haematite have caused stain-
ing of parts of drill core R572. Ilmenite and anatase
have been identified bv XRD from heavv fractions

Table 5, Average properties ofVuorijoki raw kaolin and <20 pm and 2 pm fraction; brightness, mineralogical composition (XRD), particle
size (Sedigraph), and chemical composition (XRF), drill cores R504, R572 and R57,1.

Drill core

R5t0 R574

12O ptm 12 pm <2O ptm <2 tm <20 pm Raw <2Opm

56

))
'77

)^
2l

7l
58

to
I

1i

74 79

68 77

79 81

82
t3

72 79

55 78

79 80

83
132

Brighmess %

Minimum

Maximum
Yellowness

N

41 100

35 100

45 100

48

13

68 99

40 95

100 100

28 I

1

I
66

52 94 100

25 90

80 100

30 l
83

102
JJ

9s 100

95

95

2

3

68

45

80
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9

6

^

Kaolinite %

Minimum

Maximum

Quartz
Mica

Feldspar

N

<2 pm%
<20 pm

<62 p.m

JI

64
'71

25

6l
69

30

55

f9

JI

64

72

sio2 %

Tio,
Al?o3

Fe2Or tot

MnO

Mgo
CaO

NarO

Kto
Ptot
HrO

C

S

54.20

2.20

24.22

3.63

.02

.60

.18

.20

1.60

.23

9.10

.15

2.rl

M.62
1.60

34.90

.82

.01

.30

.12

.30

1.21

.58

14.00

.lJ

.15

44.38

.62

36.88

.29

.00

.lJ

.03

.34

.66

.36

14.40

.03

58.42

1.70

23.46

L. JJ

.o2

.20

.t7

.30

.88

.22

8.90

.18

1.25

45.59 44.81

.80 .34

36.02 37.23

.40 .23

.20

.10

.30

.75

.38

14.5

.15

.lJ

50.41 42.83

2.30 1.60

2s.0t 34.52

5.88 3.50

.01 .01

.20 .20

. 13 .09

.00 .20

1.01 .76

.28 .49

10.70 14.40

.38 .15

2.61 .24

62.23 45.46

.40 .30

21.46 36.89

1.95 .40

.o2 .00

.60 .20

.06 .02

.00 .20

| .41 .85

.o7 .13

8.20 t4.40

.92 .17

l.4a .11

.16

.03

.35

.35

t4.57

.28

.o2

1t112lIJIJ

R 504 Kaolin derived from quartz-feldspar gneiss, depth 43-77m
R 510 Kaolin derived from quartz-feldspar gneiss, depth 37-5lm
R 572 Kaolin derived from quartz-feldspar gneiss, depth 30-8lm
R 574 Kaolin derived from quartz-feldspar gneiss, depth 24-45m

N : number of samples
FerO3tot : total iron as FerO,
HrO : total water
C : total carbon
S : total sulphur
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Mineralogy 

On average the white kaolin of Vuorijoki con
tains 52% kaolinite, 25 % quartz , mica, K-feldspar 
and plagioclase. XRD analysis has identified graph
ite, pyrite, goethite, haematite, amorphous iron 
hydroxide, ilmenite, anatase, rutile and chlorite 
and rare illite, smectite and sepiolite. 

The kaolinite contents ofR504, R51 0, R572 and 
R574, from XRD analysis, are 68%,52%,68% and 

41 % respectively (Table 5). Kaolinite occurs as 
grains less than 20 11m and in the lower parts of the 
kaolin profiles, the coarser fraction mostly consists 
of quartz (0 .1-1.0 mm, avg. 0.3 mm), dioctahedral 
(muscovite) or trioctahedral (biotite) mica and 
feldspar . Goethite and haematite have caused stain
ing of parts of drill core R572. Ilmenite and anatase 
have been identified by XRD from heavy fractions 

Table 5, Average propeni es o f Vuorijoki raw kaolin alld <20 11m and 2 11m frae tion ; brightness, mineralog ieal eompositi on (XRD), panie ie 
s ize (Sedi graph), and ehe mi ea l eomposition (XRF), drill eores R504, R572 and R574 . 

Brightness % 
Minimum 

Maximum 

Yeliowness 

N 

Kaolinite % 
Minimum 

Maximum 

Quartz 

Mica 

Feldspar 

N 

<2 /Lm % 
<20/Lm 

<62/Lm 

SiO, % 
TiO, 

Al,O, 

Fe,O, tot 

MnO 

MgO 

CaO 

Na,O 

K,o 
P,O, 

H,O 
C 

S 

N 
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68 

45 

80 

20 

9 

6 
4 

25 

61 

69 

54.20 

2 .20 

24.22 

3.63 
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1.60 
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2.11 
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95 

95 

95 
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3 
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14.00 

. 13 

. 15 

13 

79 

78 

80 

3 

2 

100 
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36.88 

.29 

.00 

.13 

.03 
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.66 
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14.40 

.37 
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3 

Raw 

52 

25 

80 

30 

8 
10 

3 

31 

64 

71 

58.42 

1.70 

23.46 

2.33 

.02 

.20 

. 17 

.30 

.88 

.22 

8.90 

.18 

1.25 

7 

Drill co re 

R510 

<20/Lm <2/Lm 

74 

68 

79 

8 

7 

94 

90 

100 

1 

3 

2 

3 

45.59 

.80 

36.02 

.40 

.20 

.10 

.30 

.75 

.38 

14.5 

.15 

.13 

7 

79 

77 

81 

2 

3 

100 

44.81 

.34 

37.23 

.23 

.16 

.03 

.35 

.42 

.35 

14.57 

.28 

.02 

3 

R 504 Kaolin derived from quartz-feldspar gneiss, depth 43-77m 
R 510 Kaolin derived from quartz-feldspar gneiss, depth 37-51m 
R 572 Kaolin derived from quartz-feldspar gneiss, depth 30-81m 
R 574 Kaolin derived from quartz-feldspar gneiss, depth 24-45m 
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number of sampies 
total iron as Fe20 3 

total water 
total carbon 
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20 

R572 

<20/Lm 

56 

22 

77 

20 

21 

99 

95 
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6 
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1.60 
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21 
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41 

35 

45 

48 

13 

2 

30 

55 

59 

62.23 
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11 

R574 
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3 

45.46 

.30 

36.89 

.40 

.00 
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Fig.22. Cumulative mineral composition (XRD) of kaolin as a function of depth in profiles developed on

quartz-feldspar gneiss (R5 I 0, R504 and R572) at Vuorijoki.

of kaolin in R5l0 and R572. Pyrite is abundant in
white and grey kaolin of all the drill cores at
Vuorijoki, but in coloured kaolin it has oxidized
into goethite.

Although kaolinite is the predominating mineral
of the <20 pm fraction, minor amounts of quartz,
dioctahedral mica (illite), goethite, pyrite, ilmenite
and anatase have been occasionally identified by
XRD, and indicated by chemical analyses. Assum-
ing that all aluminium is bound to kaolinite and K-
mica, the kaolinite content is89Vo in R504 and927o
in R510. There seem to be some 10 7o of muscovite-
illite because the kaolin contains I.27o and 0.9 Vo

KrO, respectively. Based on XRD results, rhe <2

;lm fraction is composed entirely of kaolinite. This
is confirmed by the chemical analyses; 44.4-45.67o
SiOr, 3 6. 9- 37 .27a Al2O3 and | 4.4- 1 4.6Vo H2O, 0. 3 -

Fig. 21. XRD diffractogram and DTA-curve of <2 ;.rm fraction liom drill
core R5l0 (depth 36.7-38.2 m). Reflections of kaolinite are sharp show-
ing high crystallinity. DTA showing an endothermic peak (at 545"C) and

relatively high exothermic temperatures (at 990'C), which indicates well
crystalline kaolinite.
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of kaolin in R51 0 and R572 _ Pyrite is abundant in 
white and grey kaolin of all the drill cores at 
Vuorijoki , but in coloured kaolin it has oxidized 
into goethite. 

Although kaolinite is the predominating mineral 
of the <20 11m fraction, minor amounts of quartz, 
dioctahedral mica (illite), goethite, pyrite, ilmenite 
and anatase have been occasionally identified by 
XRD, and indicated by chemical analyses. Assum
ing that all aluminium is bound to kaolinite and K
mica, the kaolinite content is 89% in R504 and 92% 
in R510. There seem to be some 10 % ofmuscovite
illite because the kaolin contains 1.2% and 0.9 % 
K

2
0 , respectively_ Based on XRD results, the <2 

11m fraction is composed entirely of kaolinite_ This 
is confirmed by the chemical analyses; 44.4-45 _6% 
Si0

2
, 36.9- 37 .2% A1

2
0

3
and 14.4-14_6% Hp, 0_3-

Fig. 21 . XRD diffrac togram and DTA-cur ve of <2 /lm fraction from drill 
core R510 (depth 36 .7-38.2 m). Reflections ofkaolinite are sharp show
in g high c rysta llinity. DTA showing an endothermic peak (at 545"C) and 
re lati ve ly hi gh exothermic temperatures (at 990°C), wh ich indicates weil 
c ry sta lline kaolinite. 
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Fig. 22. Cumu lative mineral composition (XRD) of kaolin as a function of depth in profiles de ve loped on 
quartz-feldspar gnei ss (R5 1 0 , R504 and R572) at Vuorijoki . 
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0.4Va FerOr,".,0.4-0.7Vo KrO and only traces Mg, Ca
and Na. The shape of XRD peaks, the Hinckley index
(0.7-1.0) and DTA curves of the Vuorijoki kaolin
show that its kaolinite is well-crystallized (Fig. 21).

Figure 22 shows the variation of the mineral
composition of raw kaolin in different drill cores as
a function of the depth. The upper parts of the
kaolin profiles are composed of kaolinite and quartz.
In the basal part, first dioctahedral mica then potas-
sium feldspar and finally plagioclase appear into

the mineral assemblage. Thin section studies of the
quartz-feldspar gneiss of R504 and R510 confirm
that plagioclase and biotite were kaolinized first
and, although quartz appears partially corroded,
the potash feldspar remained fresh. In R572, the
mineralogical variation is very similar to the above
drill cores. The downwards decreasing trend of
kaolinite content and the increase of quartz, mica
and feldspars is even more distinct in this drill core
than above.

Geochemistry

The average chemical composition of raw kaolin,
weathered rock and parent rocks of drill cores R504,
R510, R572 and R574 are presented in Table 5.
Kaolin has quite similar composition in all drill cores.
The Vuorijoki kaolin clearly differs fromthe Litmanen
kaolin in containing more iron, sulphur and carbon
bound to pyrite and graphite, respectively. Pyrite has
oxidized into haematite or more frequently into
goethite in coloured kaolin. Oxidation of pyrite is
indicated in analyses by a sulphur decrease and a
change in FeO to Fe,O.. The weathered rock is
typically richer in magnesium and iron than kaolin
and even more so than the underlying gneiss.

Selected chemical analyses from drill cores R504,
R510, R572 and R574 are presented in Appendix 3.
White kaolin in R504 contains varying amounts of
sllica(44-67Vo SiOr), alumina (21-26Vo AlrO.) and
water (7.4-10.27o HrO) bound to kaolinitö and
quartz that depend on the proportions offeldspars,
mica and qvartz in the quartz-feldspar gneiss. The
amounts of iron (1 .0-7 .37o FerOr,o,), titanium (0.5-
4.1Va TiOr) and sulphur (0.8-4.47o S) also widely
vary. In the upper part of the kaolin profile, most
iron is bound to pyrite while titanium is evidently
in anatase or rutile. In the lower parts of white
kaolin (69.2-74.0 m), the iron and titanium con-

tents increase and there are pyrite and ilmenite. The
MgO and FeO/FerO.,-ratio also increase (depth
69.2 m), which indicates that biotite, rarher than
muscovite, occurs in the mineral assemblage. The
next change is at 80.2 m depth. The increase of
sodium, calcium and potassium corresponds to the
appearance of plagioclase and increase in mica de-
tected by XRD. The iron content of weathered gneiss
is high (6.8Vo F"rOr,o,) and it is bound to ilmenite and
partially altered biotite, because of a decrease in the
amount of pyrite. Some titanium probably occurs
in sphene, which is abundant in the underlying
quartz-feldspar gneiss. Most trace elements con-
centrations including V, Cr, Ni, Cu, Zn are higher in
kaolin and transition zone than in the underlying
quartz-feldspar gneiss. The transition zone between
kaolin and quartz-feldspar gneiss is rich in Sr.

The major elements of kaolin in R5l0 behave
similarly to those in R504. However, the kaolin of
R5l0 has a little more silica (48-67Vo SiO,) and
slightly less alumina (21-25Vo Al,O.), iron (0.3-
5.9Vo FerOr,o,) and titanium (0.1-3-.9% TiOr) than
the kaolin of R504 because of the different compo-
sition of the original parent rock. On the other
hand, the wide variation of the titanium and iron
content indicates the heterogeneity of the parent

R572

1

-f Tio2 + FE2ogtot

R572

90

100
0.1

%

* sio2 * At203 + Atk + H20

Fig.23- Major elements of kaolin in profile R572 at vuorijoki. Alk = cao+Mgo+Kro+Naro
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0.4% Fep3tot' 0.4-0.7% Kp and only traces Mg, Ca 
and Na. The shape ofXRD peaks, the Hinckley index 
(0.7-l.0) and DTA curves of the Vuorijoki kaolin 
show that its kaolinite is well-crystallized (Fig. 21). 

Figure 22 shows the variation of the mineral 
composition of raw kaolin in different drill cores as 
a function of the depth. The upper parts of the 
kaolin profiles are composed ofkaolinite and quartz. 
In the basal part, first dioctahedral mica then potas
sium feldspar and finally plagioclase appear into 

the mineral assemblage. Thin section studies of the 
quartz-feldspar gneiss of RS04 and RSI0 confirm 
that plagioclase and biotite were kaolinized first 
and, although quartz appears partially corroded, 
the potash feldspar remained fresh. In RS72, the 
mineralogical variation is very similar to the above 
drill cores. The downwards decreasing trend of 
kaolinite content and the increase of quartz, mica 
and feldspars is even more distinct in this drill core 
than above. 

Geochemistry 

The average chemical composition of raw kaolin , 
weathered rock and parent rocks of drill cores RS04, 
RSIO, RS72 and RS74 are presented in Table 5. 
Kaolin has quite similar composition in all drill cores. 
The Vuorijoki kaolin cl earl y differs from theLitmanen 
kaolin in containing more iron, sulphur and carbon 
bound to pyrite and graphite, respectively. Pyrite has 
oxidized into haematite or more frequently into 
goethite in coloured kaolin. Oxidation of pyrite is 
indicated in analyses by a sulphur decrease and a 
change in FeO to Fe

2
0 3. The weathered rock is 

typically richer in magnesium and iron than kaolin 
and even more so than the underlying gneiss. 

Selected chemical analyses from dri 11 cores RS04, 
RSI 0, RS72 and RS74 are presented in Appendix 3. 
White kaolin in RS04 contains varying amounts of 
silica (44-67% Si0

2
), alumina (21-26% AIP3) and 

water (7.4-10.2% H
2
0) bound to kaolinite and 

quartz; that depend on the proportions offeIdspars , 
mica and quartz in the quartz-feldspar gneiss. The 
amounts of iron (1.0-7.3% Fep3to)' titanium (0.5-
4.1 % TiO?) and sulphur (0.8-4.4% S) also widely 
vary. In the upper part of the kaolin profile, most 
iron is bound to pyrite while titanium is evidently 
in anatase or rutile. In the lower parts of white 
kaolin (69.2-74.0 m) , the iron and titanium con-
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tents increase and there are pyrite and ilmenite. The 
MgO and FeO/Fe

2
0 3-ratio also increase (depth 

69.2 m) , which indicates that biotite, rather than 
muscovite, occurs in the mineral assemblage. The 
next change is at 80.2 m depth. The increase of 
sodium, calcium and potassium corresponds to the 
appearance of plagioclase and increase in mica de
tee ted by XRD. The iron content ofweathered gneiss 
is high (6.8% Fep3to) and it is bound to ilmenite and 
partially altered biotite, because of a decrease in the 
amount of pyrite. Some titanium probably occurs 
in sphene, which is abundant in the underlying 
quartz-feldspar gneiss. Most trace elements con
centrations including V, Cr, Ni , Cu , Zn are higher in 
kaolin and transition zone than in the underlying 
quartz-feldspar gneiss . The transition zone between 
kaolin and quartz-feldspar gneiss is rich in Sr. 

The major elements of kaolin in RSI0 behave 
similarly to those in RS04 . However, the kaolin of 
RSIO has a little more silica (48-67 % Si0

2
) and 

slightly less alumina (21-25% AlP3)' iron (0 .3-
5.9% Fep3to) and titanium (0 .1-3 .9% Ti0

2
) than 

the kaolin of RS04 because of the different compo
sition of the original parent rock. On the other 
hand, the wide variation of the titanium and iron 
content indicates the heterogeneity of the parent 
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Fig. 23. Major elements of kaolin in profile R572 at Vuorijoki. Alk = CaO+MgO+ K, O+Na,O. 
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rock. In the transition zone the increases in silica,
potassium, and sodium, calcium and magnesium
indicate less intensive kaolinization and partial
preservation of K-feldspar, mica and plagioclase
also indicated by increases in Rb, Sr and Ba. The
concentrations of alumina, titania, water, sulphur
and most minor and trace elements (V, Cr, Ni, Cu,
Zn,Zr, Nb, La, and Ce) are higher in kaolin than in
transition zone or quartz-feldspar gneiss. Pyrite is
a primary mineral in kaolin, because amount of the
sulphur is much lower in quartz-feldspar gneiss
than in kaolin.

The chemical changes in R572 are quite compli-
cated (Fig. 23). Coloured kaolin in the upper part of
the kaolin profile is very rich in iron (max 22.8Vo
FerOr,o,) and also contains occasionally plenty of
carbon as graphite (0.2-2.17o). However, sulphur
content is low because pyrite has oxidised into
goethite. The iron content decreases gradually and
coloured kaolin becomes light coloured and white.
This change is marked by an increase in sulphur
content (1.7-5.2Va S in white kaolin) at 54-81 m
depth. Also titanium and potassium are higher. The
content of AlrO,, TiO2, H2O, S and most trace
elements decreases as a function of depth while
KrO, MgO, CaO and NarO increase, which indicate
that the intensity of leaching decreased down-
wards. A potassium increase at a depth of 71.2 m is
related to the presence of K-feldspar. In the dark
transition zone, at a depth of 86.1 m, trioctahedral
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mica (biotite) is the clear cause of an increase in
magnesium. Increases in calcium and sodium indi-
cate the preservation of plagioclase. Analyses of
gold (<2 ppb), palladium (<3 ppb) and tellurium
(25-162 ppb) from different depths show that Te
has enriched in the uppermost iron-rich kaolin.

In drill core R574, on the NE-margin of the
Vuorijoki cross section, the first l5 m of kaolin is
pure and is composed of silica (57-667o SiO2),
alumina (19-297a Al2O3), water (6.8- 10SVoHrO)
and potassium (0.7-1.8Vo K,O), iron (0.6-2.0Vo
F"rOr,o,) and sulphur (0.6-i.4Vo). This chemistry
corresponds to the mineral assemblage of quartz,
kaolinite, mica and pyrite. The content of potas-
sium, iron, sulphur and carbon increase evenly
downwards while aluminium decreases indicating
less intensive kaolinization. At a depth of 46.9 m,
there are distinct magnesium and potassium increases

caused by biotite, and pyrite increases the iron and
sulphur and graphite carbon amounts in grey kaolin.
The next chemical changes are a sodium increase at

62.6m, which is expressed by the presence of albite
in weathered gneiss and an increase in calcium at

67 .l m in mica gneiss. The trend of trace elements
is typical and V, Cr, Ni, Clu,Zn concentrations in
the grey graphite- and pyrite-bearing kaolin are

I.2-1.7 times higher than in mica gneiss. The low-
est values of these metals are in the overlying white
kaolin, which was clearly formed from quartz-
feldspar gneiss containing less iron and graphite.

Brightness

At Vuorijoki, the brightness of the <20 pm frac- The brightness of kaolin in R504, R510, and R574
tion of white kaolin averages 697o (60-85Vo) and isTl-747a, but in R572 only 56Va (Table 5). The
that of coloured kaolin 4 l7o (17 -59Vo, Appendix 6). brightness of kaolin in R572 remains below 35Vo ,

R572 R572

0.1 1

o/o

- Brightness -t- Fe2O3 + C

Fig.24. Brightness value%a, FerO,, TiO, and S in wt7c, determined from the <20 pm kaolin fraction, as a function of depth in drill core R572

of Vuorijoki. The effect of the iron conGnt on the brightness value is strong. In coloured kaolin (brightness <60%) S is low, but increases in

white kaolin (brightness > 6OVc).

-L TiO2 + S
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rock. In the transition zone the increases in silica, 
potassium, and sodium, calcium and magnesium 
indicate less intensive kaolinization and partial 
preservation of K-feldspar, mica and plagioclase 
also indicated by increases in Rb, Sr and Ba. The 
concentrations of alumina, titania, water, sulphur 
and most minor and trace elements (V, Cr, Ni, Cu , 
Zn, Zr, Nb, La, and Ce) are high er in kaolin than in 
transition zone or quartz-feldspar gneiss. Pyrite is 
a primary mineral in kaolin, because amount of the 
sulphur is much lower in quartz-feldspar gneiss 
than in kaolin. 

The chemical changes in R572 are quite compli
cated (Fig. 23). Coloured kaolin in the upper part of 
the kaolin profile is very rich in iron (max 22.8% 
Fe20 3l0) and also contains occasionally plenty of 
carbon as graphite (0.2-2.1 %). However, sulphur 
content is low because pyrite has oxidised into 
goethite. The iron content decreases gradually and 
coloured kaolin becomes light coloured and white. 
This change is marked by an increase in sulphur 
content (1.7-5.2% S in white kaolin) at 54-81 m 
depth . Also titanium and potassium are higher. The 
content of A1

2
0 3, Ti0

2
, H

2
0 , Sand most trace 

elements decreases as a function of depth while 
KP, MgO, CaO and Nap increase, which indicate 
that the intensity of leaching decreased down
wards. A potassium increase at a depth of7I.2 m is 
related to the presence of K-feldspar. In the dark 
transition zone, at a depth of 86.1 m, trioctahedral 

mica (biotite) is the clear cause of an increase in 
magnesium. lncreases in calcium and sodium indi
cate the preservation of plagioclase . Analyses of 
gold «2 ppb), palladium «3 ppb) and tellurium 
(25-162 ppb) from different depths show that Te 
has enriched in the uppermost iron-rich kaolin. 

In drill core R574, on the NE-margin of the 
Vuorijoki cross section, the first 15 m of kaolin is 
pure and is composed of silica (57-66% Si0

2
), 

alumina (19-29% AI
2
0 3), water (6 .8-10.5 %HP) 

and potassium (0 .7-1.8% KP) , iron (0.6-2.0% 
Fep3l0) and sulphur (0.6-1.4%). This chemistry 
corresponds to the mineral assemblage of quartz, 
kaolinite, mica and pyrite. The content of potas
sium, iron, sulphur and carbon increase evenly 
downwards while aluminium decreases indicating 
less intensive kaolinization. At a depth of 46.9 m, 
there are distinct magnesium and potassium increases 
caused by biotite, and pyrite increases the iron and 
sulphur and graphite carbon amounts in grey kaolin. 
The next chemical changes are a sodium increase at 
62.6 m, which is expressed by the presence of albite 
in weathered gneiss and an increase in calcium at 
67.1 m in mi ca gneiss. The trend of trace elements 
is typical and V, Cr, Ni, Cu, Zn concentrations in 
the grey graphite- and pyrite-bearing kaolin are 
1.2-1.7 times higher than in mica gneiss. The low
est values ofthese metals are in the overlying white 
kaolin , which was clearly formed from quartz
feldspar gneiss containing les iron and graphite. 

Brightness 

At Vuorijoki, the brightness of the <20 /-1m frac
tion of white kaolin averages 69 % (60-85%) and 
that of coloured kaolin 41 % (17 -59%, Appendix 6). 
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The brightness of kaol i n in R504, R51 0, and R574 
is 71-74%, but in R572 only 56% (Table 5). The 
brightness of kaolin in R572 remains below 35 %, 
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Fig. 24. Brightness value%, Fe,0 3' TiO, and S in wt%, determined from the <20 11m kao lin fracti o n, as a function o f de pth in drill core R572 
of Vuorijoki. The effect of the iron content on the brightness value is stron g. fn coloured kaolin (brightne ss <60%) S is low, but increases in 
white kaolin (brightness > 60%) . 
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down to 44 m, because of the high iron content
(7.2-l8.57oFerOr,,,,) that is bound to goethite (Fig.
24).From44 m to 54 m the brightness is higher,46-
62Vo, and, accordingly, the iron content is lower
(0.9-2.2Vo FerO,,o,). At a depth of 54-81 m white
kaolin has the brightness of 60-777o while the iron
content varies from 0.4Vo to 1.57o FerOr,o, ätd
sulphur increases from 0.017o to l7o, indicating
that iron is bound to pyrite, accordingly, titanium
(l-3.57o TiOr) must be bound to anatase or rutile.

The above example shows that there is a strong
negative correlation between iron content and

brightness and that the influence of titanium is less
important except at higher brightness values of
refined kaolin (cf. Sarapää et al. in press). The poor
brightness of upper kaolin in R572 is due to a
yellowish brown stain caused by the iron of oxi-
dised pyrite. At 54 m the conditions have changed
to reducing, the iron content has decreased and the
brightness increased. Acid solutions generated by
sulphide oxidation probably leached some ferro-
iron from kaolin (Appendix 6). Although the upper
part of kaolin surely derives from a parent rock
more rich in iron than that of lower kaolin.

Particle size distribution

The particle size distributions of kaolin in drill
cores R504, R510 R572, and R574 are similar. The
proportion of <2pm, <20pm and <62pm fractions

is 25 -3 | Vo, 5 5 - 647a, and 59 -7 2Vo re spectively (Ap -
pendix 6), indicating that the clay content de-
creases with depth (Fig. 25).

R510
Kaolin f rom quartz-feldspar gneiss

R574
Kaolin trom quartz-feldspar gneiss

@162 um

E zo-ez

Elt o-zo

Ee-ro
Ez-e
J.z

R504
Kaolin f rom quartz-feldspar gneiss

R572
Kaolin from quartz-feldspar gneiss

@.62 um

Elzo-sz

Elro-zo

Els-ro
Elz-e

D.z

40 60

Cumulative %

Fig. 25. Particle size distribution in four different kaolin profiles (R5 1 0, R574, R504, R572) at Vuorijoki shows decreasing trend of fine
fraction with depth in all presented drill cores.
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down to 44 m, because of the hi gh iron content 
(7 .2-18.5 % Fep3t) that is bound to goethite (Fig . 
24) . From 44 m to 54 m the brightness is higher, 46-
62%, and , accordingly , the iron content is lower 
(0.9-2.2% Fep3 to,). At a depth of 54-81 m white 
kaolin has the brightness of 60-77 % while the iron 
content varies from 0.4% to 1.5% Fe20 3 tot and 
sulphur increases from 0.01 % to 1 %, indicating 
that iron is bound to pyrite, accordingly, titanium 
(1-3.5 % TiO) must be bound to anatase or rutile. 

The above example shows that there is a strong 
negati ve correlation between iron content and 

brightness and that the influence of titanium is less 
important except at higher brightness values of 
refined kaolin (cf. Sarapää et a1. in press) . The poor 
brightness of upper kaolin in R572 is due to a 
yellowish brown stain caused by the iron of oxi
dised pyrite . At 54 m the conditions have changed 
to reducing, the iron content has decreased and the 
brightness increased. Acid solutions generated by 
sulphide oxidation probably leached some ferro
iron from kaolin (Appendix 6). Although the upper 
part of kaolin surely derives from a parent rock 
more rich in iron than that of lower kaolin. 

Particle size distribution 

The particle size distributions of kaolin in drill 
cores R504, R510 R572, and R574 are similar. The 
proportion of <2)..1m , <20)..1m and <62)..1m fractions 

is 25-31 %,55-64%, and 59-72% respectively (Ap
pendix 6) , indicating that the clay content de
creases with depth (Fig . 25). 
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Fig. 25. Particl e s ize di stributi on in four diffe re nt kaolin profil es (RS! 0 , RS74 , RS04 , RS72 ) at Vu orij o ki shows decreas ing tre nd of fine 
fracti o n with de pth in all presented drill cores . 
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At Eteläkylä, kaolin occurs in an area 300 m long
and 30-50 m wide (Figs 2 and26). The total weath-
ering area is double this and includes brown and
green kaolinite- and smectite-bearing weathered
tonalite. The actual kaolin deposit is narrow and
very deep because it formed in a fracture zone. The
deepest drill hole, R697 intersects 107 m of kaolin
without reaching the basal rock. The thickness of
the glacial overburden is 10-20 m. Kaolin, usually
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ETELAKYLA KAOLIN DEPOSIT

General features

white, yellowish or light brown, has a high con-
tent of kaolinite averaging 127c, which is the
highest value from the deposits at Virtasalmi. The
bedrock in and around the Eteläkylä kaolin de-
posit is mainly gneissose tonalite with steeply
dipping foliation, which is intercalated with
amphibolite. Carbonate and skarn rocks and the

Hällinmäki copper ore are near the kaolin deposit
(cf. Hyvärinen 1969). The tonalite can be divided

Fis. 26. Three cross sections from the Eteläkylä deposit, based on drilling and gravity measurements
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ETELÄKYLÄ KAOLIN DEPOSIT 

General features 

At Eteläkylä, kaolin occurs in an area 300 m long 
and 30-50 m wide (Figs 2 and 26). The total weath
ering area is double this and includes brown and 
green kaolinite- and smectite-bearing weathered 
tonalite. The actual kaolin deposit is narrow and 
very deep because it formed in a fracture zone . The 
deepest drill hole, R697 intersects 107 m of kaolin 
without reaching the basal rock. The thickness of 
the glacial overburden is 10-20 m. Kaolin, usually 
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white, yellowish or light brown, has a high con
tent of kaolinite averaging 72%, which is the 
highest value from the deposits at Virtasalmi . The 
bedrock in and around the Eteläkylä kaolin de
posit is mainly gneissose tonalite with steeply 
dipping foliation , which is intercalated with 
amphibolite . Carbonate and skarn rocks and the 
Hällinmäki copper ore are near the kaolin deposit 
(cf. Hyvärinen 1969). The tonalite can be divided 
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Fig. 26. Three cross sections from lhe Eteläkylä deposit , based on drilling and gravity measurements. 
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into leucotonalite and tonalite. The leucotonalite
contains 50-6OVo plagioclase (AnrJ, 307a quartz
and less than lOVa biotite. The tonalite is composed

Kaolin

Three drill cores from three different cross sec-
tions are described (Fig. 26). R655 (inclinarion
60"5W) intersects 33 mpartially altered, semi-soft,
gneissose tonalite, which passes gradually into
kaolin. The kaolin changes from brown, to light
brown and white. The total length of the kaolin
intersection is 49 m. In the basal part of the profile
kaolin, within four metres, becomes coarser and
alters into banded amphibolite. The kaolin has
mostly a tonalitic relict texture and is banded in
places. The colour of both massive and banded
kaolin varies from white to brown. This core repre-
sents a deep intersection of the kaolin profile, while
a core of the upper part came from R693 where the
proportion of white kaolin is more extensive.

of 50Vo plagioclase (An3J, 177o quartz,l5Vobiotite
and l37o hornblende.

profiles

The vertical drill hole R697 penetrates 107 m of
white and yellowish brown kaolin. The uppermost
white kaolin has a relicr rexture of tonalite (Fig. 20c),
but yellowish brown kaolin at a deeper level is
bedded, and could be easily interpreted as sedimen-
tary kaolin (cf. Fig. 20d, f). However, it is covered
by white kaolin with a relict texture of tonalite, and
thus the banding of lower kaolin is clearly inherited
from diopside amphibolite, which has similar tex-
ture in the outcrops east of Hällinmäki open pit.
The vertical drill hole R656 penetrares 26 m of
white kaolin, then brown and light brown kaolin,
together 42 m, which changes first into partially
altered semi-soft, sheared tonalite (3 m) and then into
unaltered tonalite and leucotonalite (Fig. 20e).

Mineralogy

XRD studies show that the white kaolin of
Eteläkylä is mainly composed of kaolinite and
quartz. The kaolinire contents of R655, R656 and
R697 are 80Vo,88Vo and827a, respectively (Table
6). Goethite, indicated by a yellowish brown colour
and a high iron content, was also confirmed by
XRD. Ilmenite could be detecred by XRD from the
heavy mineral separates (density >3.3). A part of
titanium may be bound in anatase, titanium hy-
droxide or altered ilmenite, because, in many sam-
ples, the iron content is lower than the titanium
content in ilmenite. There is much smectite in the
clay fraction of the dark brown kaolinitic clay or
decomposed tonalite in the basal and marginal
parts of the deposit.

Because kaolinite and quartz are practically the
only silicate minerals, the mineral composition of
kaolin can be calculated directly from the chemical
analyses. Calculations gives a somewhat lower
kaolinite content than obtained by XRD. The
alumina content of Virtasalmi kaolinite is obvi-
ously lower than that of ideal kaolinite. XRD analy-
ses show that the < 20 p.m fraction is composed
almost entirely of kaolinite. There are only traces
of quartz in some samples and some ilmenite and/
or goethite. Crystallization has been examined from
the x-ray diffraction patterns by calculating the
Hinckley Index (H.I.). In the drill cores R655 and
R697, H.I. falls as a funcrion of depth, and the grain
size of kaolinite becomes smaller.

t20

The compositions of the raw kaolin and the
corresponding < 2pm fraction have been estimated
by XRD, DTA-TG and XRF from rwo different
kaolin types i.e. white kaolin derived from tonalite
and yellowish brown banded kaolin clearly derived
from amphibolite (Table 7). XRD *"urur.rn.nt,
show that the <2 pm fraction of both samples
consists of kaolinite. However, the chemical analy-
ses show that Ti- and Fe-oxides are also present.
Goethite has been detected from the coloured raw
kaolin by X-ray diffraction and from the <2 pm
fraction by thermal analyses (Koskinen and
Virtasalo I994). Based on thermogravimetric meas-
urements, the kaolinite content of the <2 pm frac_
tion slightly exceeds 90Vo.The estimate from the
chemical analyses gives a few percent higher
kaolinite content than TG. The additional constitu-
ents in coloured kaolin are qüartz, ilmenite and
goethite. Measurements of the Hinckley Index
(0.69-0.94) indicate that kaolinite is well crysral_
lized. The main difference between the kaolins
from tonalite and amphibolite appears to be the
higher iron content of amphibolite.

Drill core R655 first intersects a sliehtlv altered
tonalite. This is a granoblastic rock thit consists of
plagioclase, quartz, biotite and a varying amount of
hornblende. It is fractured and contains small amounts
of smectite and kaolinite, which partially replace
hornblende and plagioclase. Microscope studies
show that hornblende first alters to smectite and
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into leucotonalite and tonalite. The leucotonalite 
contains 50-60% plagioclase (An 1o) ' 30% quartz 
and less than 10% biotite. The tonalite is composed 

of 50% plagioclase (An
30

) , 17% quartz, 15% biotite 
and 13 % hornblende. 

Kaolin profiles 

Three drill cores from three different cross sec
tions are described (Fig. 26) . R655 (inclination 
600 SW) intersects 33 m partially altered, semi-soft, 
gneissose tonalite , which passes gradually into 
kaolin . The kaolin changes from brown, to light 
brown and white. The total length of the kaolin 
intersection is 49 m. In the basal part of the profile 
kaolin , within four metres, becomes coarser and 
alters into banded amphibolite. The kaolin has 
mostly a tonalitic relict texture and is banded in 
places. The colour of both massive and banded 
kaolin varies from white to brown. This core repre
sents a deep intersection of the kaolin profile , while 
a core of the upper part came from R693 where the 
proportion of white kaolin is more extensive. 

The vertical drill hole R697 penetrates 107 m of 
white and yellowish brown kaolin . The uppermost 
white kaolin has a relict texture oftonalite (Fig. 20c), 
but yellowish brown kaolin at a deeper level is 
bedded, and could be easily interpreted as sedimen
tary kaolin (cf. Fig. 20d, f). However, it is covered 
by white kaolin with a rel ict texture of tonalite, and 
thus the banding oflower kaolin is clearly inherited 
from diopside amphibolite, which has similar tex
ture in the outcrops east of Hällinmäki open pit. 
The vertical drill hole R656 penetrates 26 m of 
white kaolin, then brown and light brown kaolin , 
together 42 m, which changes first into partially 
altered semi-soft, sheared tonalite (3 m) and then into 
unaltered tonalite and leucotonalite (Fig. 20e). 

Mineralogy 

XRD studies show that the white kaolin of 
Eteläkylä is mainly composed of kaolinite and 
quartz. The kaolinite contents of R655 , R656 and 
R697 are 80%, 88 % and 82%, respectively (Table 
6). Goethite, indicated by a yellowish brown colour 
and a high iron content, was also confirmed by 
XRD. Ilmenite could be detected by XRD from the 
heavy mineral separates (density >3.3). Apart of 
titanium may be bound in anatase, titanium hy
droxide or altered ilmenite, because, in many sam
pIes, the iron content is lower than the titanium 
content in ilmenite. There is much smectite in the 
clay fraction of the dark brown kaolinitic clay or 
decomposed tonalite in the basal and marginal 
parts of the deposit. 

Because kaolinite and quartz are practically the 
only silicate minerals , the mineral composition of 
kaolin can be calculated directly from the chemical 
analyses. Calculations gives a somewhat lower 
kaolinite content than obtained by XRD. The 
alumina content of Virtasalmi kaolinite is obvi
ously lower than that of ideal kaolinite. XRD analy
ses show that the < 20 f..lm fraction is composed 
almost entirely of kaolinite. There are only traces 
of quartz in some sam pies and some ilmenite and/ 
or goethite. Crystallization has been examined from 
the x-ray diffraction patterns by calculating the 
Hinckley Index (H.L). In the drill cores R655 and 
R697 , H.I . falls as a function of depth , and the grain 
size of kaolinite becomes smaller. 
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The compositions of the raw kaolin and the 
corresponding < 2f..lm fraction have been estimated 
by XRD, DT A-TG and XRF from two different 
kaolin types i.e. white kaolin derived from tonalite 
and yellowish brown banded kaolin clearly derived 
from amphibolite (Table 7). XRD measurements 
show that the <2 f..lm fraction of both sam pIes 
consists ofkaolinite. However, the chemical analy
ses show that Ti- and Fe-oxides are also present. 
Goethite has been detected from the coloured raw 
kaolin by X-ray diffraction and from the <2 f..lm 
fraction by thermal analyses (Koskinen and 
Virtasalo 1994). Based on thermogravimetric meas
urements , the kaolinite content of the <2 f..lm frac
tion slightly exceeds 90%. The estimate from the 
chemical analyses gives a few percent higher 
kaolinite content than TG . The additional constitu
ents in coloured kaolin are quartz, ilmenite and 
goethite. Measurements of the Hinckley Index 
(0.69-0.94) indicate that kaolinite is weIl crystal
lized . The main difference between the kaolins 
from tonalite and amphibolite appears to be the 
higher iron content of amphibolite. 

Drill core R655 first intersects a slightly altered 
tonalite . This is a granoblastic rock that consists of 
plagioclase, quartz, biotite and a varying amount of 
hornblende. It is fractured and contains small amounts 
of smectite and kaolinite , which partially replace 
hornblende and plagioclase. Microscope studies 
show that hornblende first alters to smectite and 
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Table 6. Average properties ofEteläkylä raw kaolin <20pm and 2 pm fraction; brightness, mineralogical composition (XRD), particle
size (Sedigraph), and chemical composition (XRF).

Drill core

R656

Raw <20 pm Raw <2O pm <2O p,m

Brightness %

Minimum

Maximum
Yellowness %

N

56

23

79

JI

34

47

30

t)
46

t4

66

45

/ö

25

t4

Kaolinite %

Minimum

Maximum

80

75

90

20

3

97

88

98

100

100

100

88

80

95

L2

)

100

100

100

6

82

50

95

18

8

Quartz
N

2

8

12 pm 7o

<2O pm
<62 pm

26

66

72

2l
67

74

JJ

t>

80

sio2 %

Tio,
Alro3

FerO, tot

Mno
Mgo
CaO

NarO

KrO

Pros

HrO

c
s

5t.'73

1 .84

28.66

4.70

.03

.18

.26

.00

.19

.18

t2.31

.05

.00

43.42

t.76
34.43

4.20

.00

.29

.15

.26

.29

.25

14.68

.15

.00

52.59

1.89

30.32

r.47
.03

.12

-12

.01

.22

.18

t2.47
.05

.00

43.88
a at

36.20

1.06

.01

.09

.11

.16

)7

.ß
t4.67

.09

.01

50.72

2.16

30.43

2.m
.01

.12

.t7

.01

.15

.10

13.r4
.01

.01

44.15

1.75

36.37

2.69

.00

.10

.o7

.19

.20
a1

14.90

.l)

.00

JJl4

R 655 Kaolin derived from tonalite, depth 40-86m
R 656 Kaolin derived from tonalite, depth 20-82m
R 697 Kaolin derived from tonalite, depttt l3-l2lm

N
FerOrtot
Hro
c
S

= number of samples

= total iron as FerO,

= total water
: total carbon
: total sulphur

kaolinite; kaolinization of plagioclase follows and,

simultaneously, biotite loses its colour and its struc-
ture breaks down. The highest content of smectite
is in an amphibolite layers at a depth of 23.9-25.4
m. The amount of kaolinite deeper in kaolin varies
from 75 to90Vo and quartz from 10 to257o.

In drill core R697 the kaolinite content is gener-
ally high, but decreases from 95Vo to 65Vo in the
lowest 20 metres of the profile while quartz in-
creases fr om 5 Vo to 30Vo . Here, K-feldspar appears
in the mineral assemblage indicating the base of
kaolin profile (Fie. 27).

Between the l3 m and ll2m, based on chemical
analyses, the average kaolinite content is78Vo (7 l-
89Vo). Goethite content increases in places to nearly
107o. Notably, the Hinckley Index decreases with
depth with a decrease in kaolinite grain size. The
kaolinite content in R656 varies from 80 to 95Vo

and is still 807o atdepth 85 m. The amount of quartz
varies from 5 to 20Vo. An altered tonalite at 89.60
m contains some kaolinite, smectite and secondary
calcite, but one metre deeper there are traces of
smectite and calcite as alteration products of horn-
blende and plagioclase.

l2r
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Tab le 6. Average propenies of Eteläky lä raw kaolin <20~m and 2~m frac ti on; brightness, minera logical composi tion (X RD), particle 
size (Sedigraph), and chem ical composi tion (XRF). 

R655 

Raw <20j.Lm Raw 

Brightness % 47 

Minimum 30 

Maximum 75 

Yellowness % 46 

N 14 

Kaolinite % 80 100 88 

Minimum 75 100 80 

Maximum 90 100 95 

Quartz 20 12 

N 3 5 5 

<214m % 26 21 

<20 14m 66 67 

<62 14m 72 74 

Si02 % 51.73 43.42 52.59 

Ti02 1.84 1.76 1.89 

AI2O) 28.66 34.43 30.32 

Fe20) tot 4.70 4.20 1.47 

Mno .03 .00 .03 

MgO .18 .29 . 12 

CaO .26 .15 .42 

Na20 .00 .26 .01 

KzÜ .19 .29 .22 

PZÜ, .1 8 .25 .18 

H20 12.31 14 .68 12.47 

C .05 . 15 .05 

S .00 .00 .00 

N 5 14 6 

R 655 Kaolin derived from tonalite, depth 40-86m 
R 656 Kaolin derived from tonalite, depth 20-82m 
R 697 Kaolin derived from tonalite, depth 13-121m 

number of sampies 
total iran as Fe2ü 3 

total water 
total carbon 
total sulphur 

kaolinite; kaolinization of plagioclase follows and, 
simultaneously, biotite loses its colour and its struc
ture breaks down. The highest content of smectite 
is in an amphibolite layers at a depth of 23.9-25.4 
m. The amount of kaolinite deeper in kaolin varies 
from 75 to 90% and quartz from 10 to 25%. 

In drill core R697 the kaolinite content is gener
ally high, but decreases from 95 % to 65% in the 
lowest 20 metres of the profile while quartz in
creases from 5% to 30%. Here, K-feldspar appears 
in the mineral assemblage indicating the base of 
kaolin profile (Fig. 27). 

Drill co re 

R656 R697 

<20j.Lm Raw < 20j.Lm 

66 56 

45 23 

78 79 

25 37 

14 34 

100 82 97 

100 50 88 

100 95 98 

18 2 

6 8 8 

33 

75 

80 

43 .88 50.72 44.15 

2.24 2.16 1.75 

36.20 30.43 36.37 

1.06 2.90 2 .69 

.01 .01 .00 

.09 .12 . 10 

.11 .17 .07 

.16 .01 .19 

.28 . 15 .20 

.46 .10 .22 

14.67 13 .14 14.90 

.09 .01 .15 

.01 .01 .00 

14 8 33 

Between the 13 m and 112 m, based on chemical 
analyses, the average kaolinite content is 78% (71-
89%). Goethite content increases in places to nearly 
10%. Notably, the Hinckley Index decreases with 
depth with a decrease in kaolinite grain size. The 
kaolinite content in R656 varies from 80 to 95 % 
and is still 80% at depth 85 m. The amount of quartz 
varies from 5 to 20%. An altered tonalite at 89.60 
m contains some kaolinite, smectite and secondary 
calcite, but one metre deeper there are traces of 
smectite and calcite as alteration products of horn
blende and plagioclase. 
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Table 7. Properties of Eteläkylä kaolin well I (R697).

Sample ETE15 ETEIS/2 ETE2212 ETE33 ETE33I2

Brightness

Yellowness

Kaolinite (xRD)
(TG)

(H'o)
(xRF)

Quartz (XRD)

(XRF)

Goethite (XRF)

Ilmenite (XRF)

Hinckley Index

73

20

95

82

v2

83

5

t4

4

100

92

105

96

I

0.88

95

79

95

86

20

tl

4

I

5

0.69

80

77

92

82

20

ll
2

4

47

49

100

93

101

9r

I
5

I
0.94

&
27

100

90

102

94

Major elements in wt%

sio,
Tio,
Al2o3

Fe2O,

MnO

Mgo
CaO

Na2O

KrO

Pros

Hro
C

s
Total

52.73

r.76

32.19

1.66

o.02

0.01

0.10

o.02

0. l5
0.09

12.'79

0.01

0.u
t02.r5

45.57

0.78

38.02

1.00

0.01

o.02

0.18

0.00

0.36

0.48

14.58

0.01

0.01

100.99

50.61

1.87

33.97

r.66

0.02

o.02

0.10

0.00
0.08

0.15

13.20

0.01

0.01

101.68

44.31

1.62

37.09

1.55

0.0r

0.04
o.2l
0.00

o.20

o.62

14.23

0.01

0.01

99.87

49.47

1.97

32.30

4.19
o.a2

0.06

0.10

0.00

0.07

0.15

12.80

0.01

0.00

t01.13

43.12

0.68

35.75

4.69

0.01

0.07

0.22

0.00

0.15

0.46

14.07

0.01

0.01

9.21

Minor elements in ppm

Cr
v
Ni
Cu

Zn

4l
238

l3
0

34

68

249

7

38

354

346
)1

69

29

513

44

fJ

35

386

311

42

84

49

191

248
47

138

57

1. kaolinite (39.5 %Al2q.46.55 % SiO2, 13.95 % HrO) :(AlrO3/39.5)*100
2. quartz : SiOz-kao*46.55 / IOO

3. goethite : (FerOr-TiO)10.899
4. ilmenite : 2*TiOz

ETEI5 : white raw kaolin, depth 15 m
ETEl5l2 = white 12 pm kaolin, depth 15 m
ETE22 : yellowish raw kaolin, depth22 m
ETE22|2 : yellowish 12 pm kaolin, depth 22 m
ETE33 : yellow raw kaolin, depth 33 m
ETE33/2 : yellow 12 pm kaolin, depth 33 m
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Table 7. Properties of Eteläkylä kaolin weil I (R697 ). 

Sam pie ETEI5 ETEI512 ETE22 ETE22/2 

Brightness 73 64 

Yeliowness 20 27 

Kaolinite (XRD) 95 100 95 100 
(TG) 82 92 79 90 

(H,O) 92 105 95 102 

(XRF) 83 96 86 94 

Quartz (XRD) 5 20 

(XRF) 14 11 

Goethite (XRF) 

Ilmenite (XRF) 4 2 4 3 

HinckJey Index 0.88 0.69 

Major elements in wt% 

SiO, 52.73 45.57 50.61 44.31 

TiO, 1.76 0.78 1.87 1.62 

AI,0 3 32.79 38.02 33 .97 37 .09 

Fe,0 3 1.66 1.00 1.66 1.55 

MnO 0.02 0.01 0.02 0.01 

MgO 0.01 0.02 0.02 0 .04 

CaO 0.10 0.18 0.10 0.21 

Na,O 0.02 0.00 0.00 0.00 

K,O 0.15 0.36 0.08 0.20 

P,O, 0.09 0.48 0.15 0.62 

H,O 12.79 14.58 13.20 14.23 

C 0.01 0.01 0.01 0.01 

S 0.02 0.01 0.01 0.01 

Total 102.15 100.99 101.68 99.87 

Minor elements in ppm 

Cr 41 68 354 513 

V 238 249 346 422 

Ni 13 23 23 44 

Cu 0 7 69 53 
Zn 34 38 29 35 

l , kaolinite (39,5 %AlzÜ3,46,55 % Si02, 13.95 % H20) =(Al20i39.5)*lOO 

]22 

2. quartz = Si02-kao*46.55/100 
3. goethite = (FezÜ3-Ti02)/O.899 
4. ilmenite = 2*Ti02 

ETE15 
ETE15/2 
ETE22 
ETE22/2 
ETE33 
ETE3312 

= white raw kaolin, depth 15 m 
= white < 2 f.l.m kaolin, depth 15 m 
= yellowish raw kaolin, depth 22 m 
= yellowish < 2 f.l.m kaolin, depth 22 m 
= yellow raw kaolin, depth 33 m 
= yellow < 2 f.l.m kaolin, depth 33 m 

ETE33 ETE3312 

47 

49 

80 100 
77 93 

92 101 

82 91 

20 

11 

2 5 
4 1 

0.94 

49.47 43.12 

1.97 0.68 
32.30 35.75 

4.19 4.69 

0.02 0.01 

0.06 0.07 

0.10 0 .22 

0.00 0.00 
0.07 0.15 

0.15 0.46 
12.80 14.07 

0.01 0.01 
0.00 0.01 

101.13 99.21 

386 191 

311 248 

42 47 

84 138 

49 57 
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Fig.27. Cumulative mineralogical composition of kaolin profiles of R656 and R697

Geochemistrv

Where the tonalite in R655 alters to kaolin, the
contents of SiO2 69-5lVo), F"rO.,o, 6.8-3.57o),
MgO (1.7-0.17o), CaO (5.8-0.17o), NarO (5.7-
0.0Vo), KrO (0.5-0.17a) and PrO5 (0.3-0.07o), Sr
(990-46 ppm) and Ba ( 1 89-37 ppm) decrease while
the contents Al2Oi (20-3I7o), TiO, (0.8-1.87o),
H2O (I .6-12.5Vo) increase (Appendix 4; anal. depths
18.5m and 52.3m). The changes in major elements
correlate with the kaolinization of hornblende,
plagioclase and biotite. Kaolinite content calcu-
lated from the alumina content (28-31%), varies
from 70 to'787o, which is slightly lower than the
estimates of XRD measurements. The iron content
of light brown and brown kaolin is high, from6.97a
to 8.67o FezO:,n,, being about the same as the tonalite
in R655. The lowest iron content of white kaolin is
0.5Vo FerOr,o,. The vanadium content of kaolin is
twice that of the tonalite, but the contents of chro-
mium, nickel, copper and zinc widely fluctuate.
Rb, Sr and Ba are lower in kaolin than in tonalite
and follow the same trend as its alkalies. In con-
trast,Zr, Y, Nb, La and Ce are somewhat higher in
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R697

the kaolin than in the tonalite.
Drill core R656 provides an excellent vertical

profile through kaolin into altered and fresh tonalite.
The chemical composition of the kaolin is rather
uniform, Al2O.r varies from 287o I"o 32Vo, corre-
sponding tol0-827o kaolinite. Kaolin belongs pre-
dominantly to the white category and thus the iron
content is relatively 1ow, 0.8-2.47a FerOr,n,. Kaolin
is free from MgO, CaO, Na,O, and K,O, whose
concentrations increase strongly in a dark, partially
altered tonalite at 89.6 m. This dark iron-rich tonalite
grades into light grey tonalite within one metre,
which is the more probable parent rock of most
white kaolin although its titanium and vanadium
contents appear to be low compared to white kao-
lin.

The kaolin of R697 is rich in kaolinite as seen
from the chemical analyses in Table 7. In the basal
part of kaolin profile silica and potassium increase
and aluminium decreases, which is due to a higher
amount of quartz and the presence feldspar because
of incomplete weathering.

Brightness

The brightness values of kaolin (<20 pm) in
R655 increase as a function of depth. The values
are usually low (30-7 57o) because drill core is from
the basal part of the deposit, where coloured iron-
rich kaolin predominates. The brightness values of
kaolin in R656 decrease downwards fromTSVI to

45Vo,whrle the yellowness increases from 137o to
46Va (Fig.28). The iron content (l.lvo FerO.,n,) is
rather low, while titanium (2.2Vo TiOr) is high. In
R697 the brightness values vary from 23 to 79Vo

and have a negative correlation with iron and tita-
nium contents.
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Fig . 27. Cum ul ative mineralogieal eomposition of kaolin profiles of R656 and R697. 

Geochemistry 

Where the tonalite in R655 alters to kaolin , the 
contents of Si02 (59-51 %), Fep3tot (5.8-3.5%), 
MgO (1.7-0.1 %), CaO (5.8-0.1 %), Nap (5.7-
0.0%), Kp (0.5 -0 .1 %) and P20 S (0.3-0.0%), Sr 
(990-46 ppm) and Ba (189-37 ppm) decrease while 
the contents AIP3 (20-31 %), Ti02 (0.8-1.8 %), 
Hp (1.6-12.5 %) increase (Appendix 4; anal. depths 
18.5m and 52.3m). The changes in major elements 
correlate with the kaolinization of hornblende, 
plagioclase and biotite. Kaolinite content calcu
lated from the alumina content (28-31 %), varies 
from 70 to 78%, which is slightly lower than the 
estimates of XRD measurements. The iron content 
oflight brown and brown kaolin is high, from 6.9% 
to 8.6% Fe20 3tot' being about the same as the tonalite 
in R655. The lowest iron content of white kaolin is 
0.5 % Fe20 3tot' The vanadium content of kaolin is 
twice that of the tonalite , but the contents of chro
mium, nickel , copper and zinc widely fluctuate . 
Rb, Sr and Ba are lower in kaolin than in tonalite 
and follow the same trend as its alkalies . In con
trast, Zr, Y, Nb, La and Ce are somewhat higher in 

the kaolin than in the tonalite . 
Drill core R656 provides an excellent vertical 

profile through kaolin into altered and fresh tonalite. 
The chemical composition of the kaolin is rather 
uniform, Al

2
0 3 varies from 28% to 32%, corre

sponding to 70-82% kaolinite. Kaolin belongs pre
dominantly to the white category and thus the iron 
content is relatively low, 0.8-2.4% Fe20 3tot ' Kaolin 
is free from MgO, CaO, Nap, and KP, whose 
concentrations increase strongly in a dark, partially 
altered tonalite at 89.6 m. This dark iran-rich tonalite 
grades into light grey tonalite within one metre, 
which is the more probable parent rock of most 
white kaolin although its titanium and vanadium 
contents appear to be low compared to white kao
lin. 

The kaolin of R697 is rich in kaolinite as seen 
from the chemical analyses in Table 7 . In the basal 
part of kaolin profile silica and potassium increase 
and aluminium decreases , which is due to a higher 
amount of quartz and the presence feldspar because 
of incomplete weathering . 

Brightness 

The brightness values of kaolin «20 j..lm) in 
R655 increase as a function of depth. The values 
are usu ally low (30-75 %) because drill core is from 
the basal part of the deposit, where coloured iron
rich kaolin predominates. The brightness values of 
kaolin in R656 decrease downwards from 78 % to 

45 %, while the yellowness increases from ] 3% to 
46% (Fig. 28) . The iron content (1.1 % Fep3to) is 
rather low, while titanium (2.2% TiO) is high. In 
R697 the brightness values vary from 23 to 79% 
and have a negative correlation with iron and tita
nium contents. 
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Fig. 28. Brightness value, FerO.,,,, and TiO, in kaolin profiles of R656 and R697

Particle size distribution

There is some variation in particle size distribu-
tion between the three drill cores discussed. The
kaolin of R697 has a higher clay content (<2 V.m;
33Vo) thanR655 (267o) and R656 (2l%a), although
the kaolinite content is similar. This indicate that
kaolinite particles are different in size in these three
drill cores. However, in the kaolin, the variation in

/o

* Brightness -1. TiO2 + Fe2O3

the different size fractions as a function of depth is
minimal. Most particles are either less than 20 pm or
greater than 62 pm, which equals the grain size of
kaolinite and quartz. However, it is notable that the
proportion of the clay fraction in kaolin from R697
increases with depth, from 22 to 45Vo (Fig. 29).
Further, the kaolin appears more dense at depth.

R697
Kaolin from tonalite

processes (Murray and Keller 1993). The rock
minerals partly dissolve during weathering. The
first formed secondary minerals are illite and
smectite, followed by kaolinite, which alters into
gibbsite during very intensive leaching. Kaolinite

R656
Kaolin from tonalite

@162 ut
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Fig.29. Particle size distribution in the kaolin profile ofR656 and R697 ofEteläkylä

GEOCHEMICAL MASS BALANCE

Overview of chemical changes during kaolinization

Primary kaolins form in situ by the chemical
alteration of crystalline and sedimentary rocks ei-
ther by surficial weathering; groundwater move-
ment under the surface or by the action of
hydrothermal fluids or by the combination of the
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Fig. 28. Brightness value, Fe,03,"' and TiO, in kaolin profiles of R656 and R697. 

Particle size distribution 

There is some variation in particle size distribu
tion between the three drill cores discussed. The 
kaolin of R697 has a higher clay content «2 f-lm ; 
33%) than R655 (26%) and R65 6 (2 1 %), although 
the kaolinite content is simil ar. This indicate that 
kaolinite particles are different in size in these three 
drill cores. However, in the kaolin , the variation in 
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the different size fractions as a function of depth is 
minimal. Most particles are either less than 20 f-lm or 
greater than 62 f-lm , which equals the grain size of 
kaolinite and quartz. However, it is notable that the 
proportion of the clay fraction in kaolin from R697 
increases with depth , from 22 to 45% (Fig. 29). 
Further, the kaolin appears more den se at depth . 
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Fig. 29. Particle size distribution in the kaolin profile of R656 and R697 of Eteläky lä . 

GEOCHEMICAL MASS BALANCE 

Overview of chemical changes during kaolinization 

80 100 

Primary kaolins form in situ by the chemical 
alteration of crystalline and sedimentary rocks ei
ther by surficial weathering ; groundwater move
ment under the surface or by the action of 
hydrothermal fluids or by the combination of the 

processes (Murray and Keller 1993). The rock 
minerals partly dissolve during weathering. The 
first formed secondary minerals are illite and 
smectite, followed by kaolinite , which alters into 
gibbsite during very intensive leaching. Kaolinite 
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is formed from disintegrated aluminium silicates, kaolinite. The general equations for the alteration of
principally feldspars. The lattice of feldspar is de- potash feldspar, anorthite and albite into kaolinite
composed by ionic solution, hydration and hydroly- and montmorillonite are as follows (Edwards and
sis. K, Na, Ca are removed and Al, Si with HrO form Aktinson 1986; Wollast and Chou 1988):

4KAIS irOr+ 2CO r+4H rO= AloS ioO, o(OH) r+2KrC O,+ 8 S iO,
K-feldspar kaolinite

C aAlrS irO, +2CO r+3Hr0 = AlrS irOr(OH)r+C a2' +2HCO3'
Anorthite kaolinite

2NaAlSirO r+2CO r+ | 1 HrO = A12S i2O5(OH)o+2Na*+2HCO, +4HoSiOo
Albite kaolinite

2NaAl S irO r+2CO r+ 6HrO = AlrS ioO, o(OH)r+2Na'+2HCO, +2HoSiOo
Albite montmorillonite

The nature of the kaolin profile and the rate of
kaolinization in near surface weathering are re-
cently controlled by many factors. The most impor-
tant are climate (temperature and rainfall), type of
parent rock (mineralogy and physical characteris-
tics), topography and tectonics. The optimal condi-
tions for kaolinization prevail in hilly terrains of
subtropical or tropical forest zones, where the mean
annual temperature is at least 16- I 8'C and precipi-
tation over 1000 mm (Störr et al. 1978; KuZvart
1980; KuZvart 1984). The best parent rock for
extensive formation of white kaolin, consists of
minerals with a low bonding energy, such as

feldspars especially plagioclase, and phyllosilicates
and contains few dark minerals. The joints of par-
ent rock also facilitate kaolinization. Acid water
(pH a-5) penetrates through the pores, cleavages
and microfractures of rocks and minerals and dis-
solves more soluble constituents (Na*, Ca2',M92',
K*, Fgz*) and a part of SiOrand removes them. Iron
loss takes place in very acid conditions (pH <3) or
at higher pH if Fe3* is reduced to Fe2* by oxidation
of organic matter. It has been proposed that Pre-
Paleozoic kaolin crusts were reddish not white
because of the absence of landvegetation, (Störr et

al I978; Gorbachev 1983). Iron leaching has also
effected in Precambrian palaeosols older than 2.2
Ga, a time when the O, content of the atmosphere
was<IVo of the present atmospheric level (Holland
1993).

Studies on the mobility of cations common ln
leaching environment show that Ca2t, Mg2*, Na*
are readily removed, and also K even though its
fixation in illite may retard leaching. The rate of
Fe2* removal depends on the redox potential and
the degree of leaching. Fe3* is immobile under
oxidizing conditions, which often prevail above
the water table. Sia'is slowly removed under leach-
ing conditions. The solubility of quartz (6-12ppm,
at25"C) in water is one-tenth of that of amorphous
silica (100-140 ppm at25"C, Millot 1970). How-
ever, the redox reactions of iron may cause much
faster dissolution of quartz (50 ppm) (Morris and
Fletcher 1987). The solubility of silica is largely
independent of the pH (pH 2-8 ) but increases
rapidly when pH rises over 8. Tia*is almost immo-
bile. After releasing from a Ti-bearing silicate,
ilmenite orTi-magnetite, Ti precipitates as Ti(OH)4
or as TiO, (anatase, rutile). Al3* is immobile within
the pH range of4- 9 (Loughnan 1969).

The relative mobility of elements in granite in
the tropical climate of the Ivory Coast has been
studied by Tardy (Lelong et al.197 6) (Fig. 30). The
reference element used for granite is Na (base,
1000). The behaviour of different elements during
weathering or hydrothermal reactions is partly re-
lated to their ionic potential, which is the ratio of
the ionic charge to the ionic radius (Loughnan
1969; Millot 1970;Rollinson 1993).Elements with
low (<3) ionic potential, such as Na*, K*, Ca2* and

Fig. 30. Mobility scale of the elements on
granite, under tropical climate after Tardy
(Lelong et al. 1976).
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is formed from disintegrated aluminium silicates, 
principally feldspars. The lattice of feldspar is de
composed by ionic solution, hydration and hydroly
sis. K, Na, Ca are removed and Al, Si with HzO form 

kaolinite. The general equations for the alteration of 
potash feldspar, anorthite and albite into kaolinite 
and montmorillonite are as follows (Edwards and 
Aktinson 1986; Wollast and Chou 1988): 

4KAlSipg+2COz+4Hp= AI4Si40IoC0H)g+2KzC03+ 8SiOz 
K-feldspar kaolinite 

CaAlzSips+2COz+3Hp = AlzSiP5(OH)4+Caz+ +2HC03 ' 
Anorthite kaolinite 

2NaAISips+2COz+I1Hp = AlzSiPiOH)4+2Na++2HC03'+4H4Si04 
Albite kaolinite 

2NaAlSips+2COz+6Hp = AlzSiPlo(OH)2+2Na++2HC03"+2H4Si04 
Albite montmorillonite 

The nature of the kaolin profile and the rate of 
kaolinization in near surface weathering are re
cently controlled by many factors. The most impor
tant are climate (temperature and rainfall), type of 
parent rock (mineralogy and physical characteris
tics), topography and tectonics . The optimal condi
tions for kaolinization prevail in hilly terrains of 
subtropical or tropical forest zones, where the mean 
annual temperature is at least 16-18°C and precipi
tation over 1000 mm (Störr et al. 1978; Kuzvart 
1980; Kuzvart 1984). The best parent rock for 
extensive formation of white kaolin , consists of 
minerals with a low bonding energy , such as 
feldspars especially plagioclase, and phyllosilicates 
and contains few dark minerals . The joints of par
ent rock also facilitate kaolinization . Acid water 
(pH 4-5) penetrates through the pores, cleavages 
and microfractures of rocks and minerals and dis
solves more soluble constituents (Na+, Ca2+, Mgz+, 

K+, FeZ+l and apart of SiOz and removes them. Iron 
loss takes place in very acid conditions (pH <3) or 
at higher pH if Fe3+ is reduced to Fez+ by oxidation 
of organic matter. It has been proposed that Pre
Paleozoic kaolin crusts were reddish not white 
because of the absence of landvegetation, (Störr et 
al 1978; Gorbachev 1983) . Iron leaching has also 
effected in Precambrian palaeosols older than 2.2 
Ga, a time when the 0 2 content of the atmosphere 
was< 1 % ofthe present atmospheric level (Holland 
1993) . 

Fi g. 30. Mobility scale of the e lements on 
granite, under tropical c1imate afte r Tardy 
(Lelong e t a1. 1976) . 
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Studies on the mobility of cations common in 
leaching environment show that Caz+, Mg2+, Na+ 
are readily removed, and also K even though its 
fixation in illite may retard leaching. The rate of 
Fez+ removal depends on the redox potential and 
the degree of leaching. Fe3+ is immobile under 
oxidizing conditions, which often prevail above 
the water table. Si4+ is slowly removed under leach
ing conditions. The solubility of quartz (6-12 ppm, 
at 25 °C) in water is one-tenth of that of amorphous 
silica (100-140 ppm at 25 °C, Millot 1970) . How
ever, the redox reactions of iron may cause much 
faster dissolution of quartz (50 ppm) (Morris and 
Fletcher 1987). The solubility of silica is largely 
independent of the pH (pH 2-8 ) but increases 
rapid1y when pH rises over 8. Ti4+ is almost immo
bile. After releasing from a Ti-bearing silicate, 
ilmenite orTi-magnetite, Ti precipitates as Ti(OH)4 
or as TiOz (anatase, rutile). AP+ is immobile within 
the pH range of 4- 9 (Loughnan 1969). 

The relative mobility of elements in granite in 
the tropical climate of the Ivory Coast has been 
studied by Tardy (Lelong et al. 1976) (Fig. 30). The 
reference element used for granite is Na (base, 
1000) . The behaviour of different elements during 
weathering or hydro thermal reactions is partly re
lated to their ionic potential, which is the ratio of 
the ionic charge to the ionic radius (Loughnan 
1969; Millot 1970; Rollinson 1993). Elements with 
low «3) ionic potential, such as Na+, K+, Caz+ and 
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Mg2*, tend to pass into solution during weathering
while those with intermediate ionic potentials (3.0-
l2) such as Al3*, Fe3*, Ti4*, Sia*, form hydroxides
and become concentrated in residuals. Those with
strong ionic potentials (>12), including P5t, C and
N form soluble complex anions on weathering.
Other factors such as the structure of the parent
mineral,pH and Eh may have an equally important
influence on whether an element is removed or
remains.

It could be assumed, that the chemical composi-
tion of a kaolin deposit is largely determined by the
following factors, which Bärdossy and Aleva ( 1990)
presented for a bauxite deposit:

1. The chemical and mineralogical composi-
tion of the parent rock and its permeability.

2. Temperature, amount of percolating rainwa-

ter and seasonal climatic changes.
3. The geochemical character (Eh, pH, etc.) of

the groundwater and the resulting intensity of leach-
ing duri ng kaolinization.

4. The geochemical effects of plants and micro-
biological activity.

5. Local mobilization and redistribution of some
elements within the weathering profile.

6. Fluctuations in groundwater level.
7. Lateral introduction of dissolved elements

into the kaolin from the outside deposits.
8. Local deposition of the weathering products

and subsequent kaolinization.
9. Duration of the kaolinization process.

10. Secondary processes such as iron loss under
reducing condition and the formation of pyrite and
siderite.

Assessment chemical changes at Virtasalmi

Concentration ratio

One method to calculate concentration ratio is to
divide the average composition (wtvo) of kaolin by
that of unaltered parent rock. Table 8 summarizes
the results from six different drill cores.

The highest concentration ratios are for HrO,
Al2O3, and TiOr. The concentrations of V, Cr, Ni,
Cu, Ga, Zr and Y are much larger than their parent
rocks. Instead, the concentration ratios of MgO,
CaO, NarO, K2O, Rb and Sr are low. Typically the
concentration ratio of SiO, is less than one. Based
on the concentration ratios the kaolin deposit may
cause a high, positive geochemical anomaly of Al,
Ti, V, Cr, Ni and Cu in till and a strong negative
anomaly of Mg, Ca, Na, K, Rb and Sr. However,
this is not so at Virtasalmi, where mixing of kaolin
with till is seen only in the basal till.

The concentration ratio cannot be used to calcu-
late absolute chemical changes. Before the calcula-
tion of the geochemical mass change is possible the
analyses should be normalized using a standard
because much material is leached from a rock
during kaolinization.

Geochemical balance

There are two possible methods for calculating
chemical changes during kaolinization. The con-
centration changes of the elements can be esti-
mated either by the isovolumetric method or by
using an immobile element (Al, Ti, Zr), or a stable
mineral (quartz) as standards. The isovolumetric
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method is based on density measurements. It can
be only used ifthe textures ofthe original rock have
been preserved in kaolin with no resulting volume
change (Millot 19701' Birdossy and Aleva 1990;
Tardy 1992). Using the isovolumetric method ei-
ther the absolute concentration changes can be
calculated in g/cm3 units or relative changes can be
expressed in percentages. At Virtasalmi the pri-
mary texture of parent rock has often remained,
indicating that there has been no remarkable vol-
ume change. While determining the density of air-
dry core samples from Virtasalmi, small errors may
be caused by slight compression of samples during
drilling.

The isovolumetric balance of the majorelements
in biotite amphibolite (R529), quartz-feldspar gneiss
(R572) and tonalite (R656) in the kaolin profiles at
Virtasalmi is shown in Fig. 3l and Table 9. The
density becomes smaller upwards in the profiles,
mainly because > 50Vo of the silica has been re-
leased. Magnesium, calcium, sodium and potas-
sium have been nearly completely removed, but the
amount of alumina has slightly increased. Accord-
ing to Gresens (1967) an immobile element can be
used to calculate any volume change that has
occurred during alteration. Al, Ti, or Zr are often
used as immobile elements in normalizing the
chemical composition of a weathering product com-
pared to its parent rock. At Virtasalmi neither Zr
nor Ti are suitable for normalizing calculations;Zr
is scarce and occurs in a single heavy mineral and
there is great variation Ti content between the
different layers of the high grade gneisses. How-
ever, aluminium is suitable because it is immobile
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Table 8. Concentration ratios calculated from six different drill cores of Virtasalmi. The average kaolin
composition (7o wt) is divided by the average parent rock composition in the same drill core.
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Tabl e 8. Concenlrali on ralios calcul aled from six diffe renl drill cores of Virtasalmi. The average kao lin 
composition (% wt) is div ided by the average parenl rock composi li on in the same drill core. 

Kaolin Kaolin Kaolin Kaolin Kaolin Kaolin 

Mica-gneiss Biot-amph Diop-amph Q-feld-gn Q-feld-gn Tonalite 

R584 R529 R531 R504 R572 R656 

SiOz 0.75 0.78 1.10 1.0 0.74 0.77 

TiOz 2.0 1.26 1.41 0.82 13 .7 2.86 

AlzO, 1.79 1.87 1.73 1.27 1.62 1.90 

FeO 0.01 0 .05 0 .17 0.41 

FezO, 0.47 1.25 1.84 0 .90 8.89 0 .37 

MnO 0 .33 0.14 0 .06 0.20 0.75 

MgO 0.94 0.06 0 .07 0 .29 0.33 0 .11 

CaO 0 .55 0.04 0.015 0.036 0 .05 0 .12 

NazO 0.007 0 .003 0 .009 0 .007 0.004 0 .002 

KzÜ 0.35 0.12 1.30 0.9 0.47 0.2 

P20 , 2.21 0 .6 0 .69 0.31 2.36 1.05 

HzO 2.8 4.44 4.10 1.79 9.4 15 .59 

C 1.2 1.2 0 .09 1.6 2 .7 2.5 

S 4 0.8 2.36 1.53 0.06 

V 7 2.19 1.54 1.02 14.4 3.77 

Cr 10.5 23 0 .94 2.63 2.86 4.52 

Ni 2 .25 0 .32 1.03 2.15 3.57 1.11 

Cu 17 2 .38 3.57 1.33 11.25 4.34 

Zn 0 .53 0 .23 1.35 1.32 0.32 0 .51 

Ga 1.25 1.48 1.85 1.12 1.68 1.84 

Rb 0.52 0 .16 1.85 0.87 0 .52 0.33 

Sr 0 .11 0.22 0 .16 0 .32 0.17 0 .21 

Y 0.42 1.07 1.0 1.0 50 7.6 

Zr 0.40 1.0 2 .36 0 .89 4.64 1.33 

Nb 0 .35 1.0 1.51 0.92 6.2 3.6 

Ba 0.38 0 .71 1.49 1.36 0.86 0.52 

La 0.34 1.07 1.52 0.95 5 1.68 

Ce 0 .34 1.44 1.49 0.97 10.7 2 .69 
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during weathering in normal pH conditions.
The volume change indicated by the volume

factor (fu) between kaolin and unaltered parent
rock was determined using the following equation
of Gresens (1967) .

fn= AlrO. ."""t,/AlrO. u'ori' X P p".".t/ P xuorin
where immobile element Al2O3 is in weightTo

and p is density in g/cm3. If fv=1, there has been no
volume change; if fv<1, alteration has caused a
volume loss and, if fv>1, alteration has caused a
volume gain.The volume factor was calculated
from drill cores R529,R572 and R656 (Fig.3l).
The results show that the volume of kaolin has
contracted upto307o compared to that of the parent
rock. The volume change is minimal (fv=l (0.83-
1.07)) in kaolin derived from quartz-feldspar gneiss
(R572). Conversely, the volume of the kaolin de-
rived from the biotite amphibolite (R529) has con-
tracted l07o (fv=O.9, 0.68- 1.0). The volume reduc-
tion has been highest in the upper part of the kaolin
profile, where there is most kaolinite. Volume
reduction in the kaolin derived from tonalite (R656)
is higher, 237a (fv=O.77 ,O.69-0.89), than in kaolin
from biotite amphibolite. Although the texture has
been preserved in the kaolin, there has been a clear
decrease of volume probably during kaolinization
and later compression, especially in the upper part
of the kaolin profile,

If aluminium content is assumed as constant, the
mass lost during weathering can be calculated
from the following formula (Reimer 1992):

M=( I -AlrOrnu.".,/AlrOru..,,n)x 100 7o

The maximum amount of mass lost during
kaolinization varies from307o to 577o in different
drill cores at Virtasalmi.Decomposition ratio (DR=
residue/parent rock) for different elements has been
calculated with the following equation:

?R=(tlroro","n,/Alrorn.o'.) X (Cruorin /Cou."n, ),
where C is the concentration of a mobile eiement

in wt%o. The decomposition ratio indicates the
relative loss and gain of a mobile element in
kaolinization. For example, compared to original
abundance of the element in the parent rock, DR=0.5
corresponds to a 50Vo decrease and, respectively
DR= 1.5 to a 5O7o increase.

Examination of the chemical changes in kaolin
profile onmica gneiss (R584, Fig.32) arLitmanen,
shows that already in the transition zone (depth:42-
46 m) there has been complete loss of NarO and
half loss of SiO, and KrO, while MgO, CaO, and
TiO, have been enriched and F"rOr,o, has not
changed. Upwards in kaolin profile losses of NarO,
KrO, FerOrtot, MgO, CaO and SiO, increase
(DR<0.4) compared to the concentrations of un-
derlying mica gneiss. The amount of TiO, is the
same as in the mica gneiss but the amount of H.O
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is 1.6 times higher than in the underlying, slightly
altered mica gneiss. The amounts of Cu, Cr and V
have been strongly enriched and there has been
some increase in Ni compared to its original con-
tent. There has been distinct Mn, Zn and Zr loss,
which increases upwards. In the same drill core, the
DR ratios of the average kaolin and the transition
zone compared to their parent rock (Fig. 34) show
that Ti, probably in ilmenite, and, unexpectedly, P
are unchanged. Strong increases in V and Cr, as
well as a distinct loss of Zr, are quite surprising as
these elements are usually immobile during weath-
ering. These variations may be partly due to the
heterogeneity of the parent rock. As expected, most
elements have been depleted during kaolinization,
and especially in the upper part of the kaolin pro-
file, where alteration has been most effective.

Kaolin profile R529 developed on biotite
amphibolite is quite similar to R584 above (Figs
32 and 34). NarO, CaO, MgO and KrO have been
almost totally lost during the early stage of
kaolinization. The loss of silica has been 60-707o,
but the behaviour of iron has been more complex.
FeO has been (readily) lost or oxidized so rhat its
decomposition ratio is less than 0.1. The DR ratio
of FerO, in kaolin varies from less than 0.06 to
nearly 2.6.In the uppermost white kaolin the de-
composition ratio of total iron (FerOr,o,) is 0.03,
which indicates that 97Va of the original iron has
been removed. The DR ratio of TiO, alternates
from 0.4 to 1.1, which may be due ro thä heteroge-
neity of the parent rock. The amount of HrO in
kaolin (DR=3.2) is about three times higher than in
the parent rock. Further, there is strong enrichment
of Cr and S although there is wide variation in the
concentrations of both elements. Ga is immobile,
but other trace elements have been depleted, most
strongly Zn, Rb, Sr and Ba (DR<0.5).

Kaolin profile R531 developed on diopside
amphibolite is also characterized by almost total
loss of NarO, CaO and MgO so that the DR ratio is
less than 0.02 (Fig. 32 ). However, in the uppermost
part, the DR-ratio of these oxides is distinctly
higher because of either the different parent rock
(quartz-feldspar gneiss) or, possibly, glacial mix-
ing. Leaching of SiO, has been less intense than in
the previous profile and the loss of SiO^ is onlv
5O7o. The DR-ratio of FeO is low in taolin anä
weathered rock because FeO has been removed and
partially oxidised into FerOr. The decomposition
ratio of FerO, varies from 10 to 0.7 highest in
transition zone and lowest in light coloured kaolin.
TiO, is quite stable (DR 0.5-1); in most analyses
DR is nearly 1.0. The amount of water in kaolin is
three times higher than in amphibolite. Figure 34
(R531) shows that the mean DR values of Ti. Cr. V.
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is 1.6 times higher than in the underlying, slightly 
altered mica gneiss. The amounts of Cu, Cr and V 
have been strongly enriched and there has been 
some increase in Ni compared to its original con
tent. There has been distinct Mn, Zn and Zr loss, 
which increases upwards. In the same drill core, the 
DR ratios of the average kaolin and the transition 
zone compared to their parent rock (Fig. 34) show 
that Ti , probably in ilmenite, and , unexpectedly , P 
are unchanged. Strong increases in V and Cr, as 
well as a distinct loss of Zr, are quite surprising as 
these elements are usually immobile during weath
ering. These variations may be partly due to the 
heterogeneity of the parent rock. As expected, most 
elements have been depleted during kaolinization, 
and especially in the upper part of the kaolin pro
file , where alteration has been most effective. 

Kaolin profile R529 developed on biotite 
amphibolite is quite similar to R584 above (Figs 
32 and 34). Nap, CaO, MgO and Kp have been 
almost totally lost during the early stage of 
kaolinization . The loss of silica has been 60-70%, 
but the behaviour of iron has been more complex. 
FeO has been (readily) lost or oxidized so that its 
decomposition ratio is less than 0.1. The DR ratio 
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kaolin (DR=3.2) is about three times higher than in 
the parent rock. Further, there is strong enrichment 
of Cr and S although there is wide variation in the 
concentrations of both elements. Ga is immobile, 
but other trace elements have been depleted, most 
strongly Zn, Rb, Sr and Ba (DR<0.5). 

Kaolin profile R531 developed on diopside 
amphibolite is also characterized by almost total 
loss of Nap, CaO and MgO so that the DR ratio is 
less than 0 .02 (Fig. 32) . However, in the uppermost 
part, the DR-ratio of these oxides is distinctly 
higher because of either the different parent rock 
(quartz-feldspar gneiss) or, possibly , glacial mix
ing. Leaching of Si02 has been less intense than in 
the previous profile and the loss of Si0
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50%. The DR-ratio of FeO is low in kaolin and 
weathered rock because FeO has been removed and 
partially oxidised into Fep3' The decomposition 
ratio of Fep3 varies from 10 to 0.7 highest in 
transition zone and lowest in light coloured kaolin . 
Ti02 is quite stable (DR 0.5-1) ; in most analyses 
DR is nearly 1.0. The amount of water in kaolin is 
three times higher than in amphibolite. Figure 34 
(RS3l) shows that the mean DR values ofTi, Cr, V, 



Ga,Zr, Nb, La and Ce in kaolin are near 1.0 (0.9-
1.2), which indicates their immobility. The decom-
position ratio of SiO, in kaolin is 0.55 and in
weathered rock 0.71 and the DR of total iron in
kaolin is 0.17 and weathered rock 0.68. Only H,O
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and Cu have been markedly enriched and have a

DR over 3. In weathered rock Ni, Cu and Y are
immobile elements. The curves of the kaolin and
weathered rock are the same; however, the deple-
tion of most elements is stronser in kaolin than in
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Fig, 31. Isovolumetric mass balance for major elements in kaolin profiles on biotite amphibolite (R529, at Litmanen), on quartz-feldspar
gneiss (R572, at Vuorijoki) and on tonalite (R656, at Eteläkylä) on the left. Volume factor and density ofkaolin profiles, R529, R572,

and R656 on the right.
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Table 9. Geochemical balance by isovolumetric method in R656, based on averages of tonalite, weathered rock and
kaolin.

I

Tonalite

in 9/100 cnrl

,)

weathered rock

in 9/100 cm3

J

Kaolin Differencies
(in absolute values

3-1) g/100 cm3

Differencies
(in Vo)

Density

glcm3

si02

Ti02

A1203

FerO,

MnO

Mgo

CaO

Naro

Kto
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Hto

V

Cr

Ni

Cu

Zn

Sr

Y

Zr

Nb

Ba

La

Ce

2.59

185.90

1.28

38.05

8.49

0.08

2.21

8.07

11.10

2.88

o.37

0.93

0.01l6
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0.0074

0.0n,47

0.0514

0.t826
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0.09r4
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1)1
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14.34
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3.05
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1.58
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0.04()8
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0.385 1

0.t454

0.0077

0.390

0.0057

0.0567

0.0128

0.0276

1.7 |

90. t0

a )',

51.93

2.51

0.or

0.21

o.72

0.02

0.38

0.30

21.35

0.0483

0.0240

0.0082

0.0319

0.0377

0.0250

0.0156

o.M52

0.0061

0.03v2

0.0189

o.o42r

-0.88

-95.80

t.94

13.88

-5.98

-0.04

-2.00

-7.35

-1 1.08

-2.50

-0.07

20.42

0.04

0.03

0.00

0.03

-0.01

-0.16

0.01

-0.02
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-0.08

0.00

o.o2

-51.53
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36.48
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-t8.92

2,t95.70

3 16.38

520.00

10.81

578.72

-26.6s

-86.30

766.67

-17.72

258.82

-68.13

-1.05

89.64

weathered rock. The average DR values of major
and trace elements of kaolin in R382 are quite
similar to those in R529 and R531, because it has
also developed on amphibolire (Fig. 3a).

The decomposition ratios of the major elements
in the kaolin profile R504 from Vuorijoki, devel-
oped on quartz-feldspar gneiss are shown in Fig-
ures 33. Here the losses of NarO and CaO have been
rapid and strong. There has also been MgO loss
(DR<O.1), butmore slowly. The KrO loss (DR=0.6)
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and SiO2 loss have been slow and incomplete. The
DR-values of TiO, vary around 1.0, but the amounts
of FeO and Fe2O3 have been distinctly depleted in
the upper part of the kaolin. The behaviour of trace
elements differs from earlier cases (Fig. 34). There
have been losses of V, Sr, Y,Zr,Nb, La and Ce and
Cr and Znhave doubled, but a DR of nearly 1.0 for
Ni, Cu, Ba and Pb indicates that no changes have
happened.

Kaolin profile R656 developed on the tonalite
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Table 9. Geoc hemical balance by isovolumetric melhod in R656, based on averages of lonalile, wealhered rock and 
kao lin . 
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Tonalite weathered rock 

in gllOO cm' in gllOO cm' 

Density 2.59 2.03 
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Si02 185 .90 107.80 

Ti02 1.28 3.21 

AI2O, 38 .05 43 .93 

Fe2O, 8.49 14.34 

MnO 0.08 0.14 

MgO 2.21 3.05 

CaO 8.07 7.88 

Na20 11.10 8.39 

K,O 2.88 1.58 

P20 S 0.37 0.63 

HP 0.93 12.01 

V 0.0116 0.0510 

Cr 0.0050 0.0230 

Ni 0.0074 0.0408 

Cu 0.0047 0.0335 

Zn 0.05 14 0.3851 

Sr 0.1826 0.1454 

Y 0.0018 0.0077 

Zr 0.0914 0.390 

Nb 0.0017 0.0057 

Ba 0.1230 0.0567 

La 0.0191 0.0128 

Ce 0.0222 0.0276 

weathered rock. The average DR values of major 
and trace elements of kaolin in R382 are quite 
similar to those in R529 and R531 , because it has 
also developed on amphibolite (Fig. 34) . 

The decomposition ratios of the major elements 
in the kaolin profile R504 from Vuorijoki , devel
oped on quartz-feldspar gneiss are shown in Fig
ures 33 . Here the losses ofNa

2
0 and CaO have been 

rapid and strong. There has also been MgO loss 
(DR<O.I) , butmore slowly. The Kp los s (DR=0.6) 
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and Si0
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loss have been slow and incomplete. The 
DR-values ofTi02 vary around 1.0, but the amounts 
of FeO and Fep3 have been di stinctly depleted in 
the upper part of the kaolin . The behaviour of trace 
elements differs from earlier cases (Fig. 34). There 
have been losses ofV, Sr, Y, Zr, Nb , La and Ce and 
Cr and Zn have doubled , but a DR of nearly 1.0 for 
Ni , Cu , Ba and Pb indicates that no changes have 
happened. 

Kaolin profile R656 developed on the tonalite 



differs markedly from the above (Fig. 33). NaO,
MgO, CaO, KrO and FerOr,o, have been almost
totally lost from kaolin as well half of SiO2. TiO2
has one abnormally low value in the basal part of
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the profile (DR=O.2), but after that the DR of TiO2
is nearly 2.0 through out the profile. TiO, has been
enriched similar to V, Cr, Cu, Y, Nb and Ce, but Rb,
Sr. Zr. and Ba have been distinctly depleted.
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1 10
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Fig. 32. Loss of material during kaolinization, presented as decomposition ratio (DR): DR=(Alr0ro"."",/Alro3k".r") X (Ck*rh /Cp*-,), where

C kaolin is the concentration of an element in kaolin (kaolin or weathered rock). DR= I indicates that the element is immobile, DR< I that an

element is depleted and DR>1 that it is enriched. Decomposition ratios of some major and minor elements in a kaolin profile R584, on mica

gneiss, major elements in kaolin profile R529 on biotite-amphibolite and in kaolin profile R53l on diopside-amphibolite, at Litmanen.
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differs markedly from the above (Fig . 33). NaO, 
MgO, CaO, K20 and Fe20 3101 have been almost 
totally lost from kaolin as weil half of Si02. Ti02 
has one abnormally low value in the basal part of 

R584 

the profile (DR=O.2), but after that the DR ofTi02 
is nearly 2.0 through out the profile . Ti0

2 
has been 

enriched similarto V, Cr, Cu, Y, Nb and Ce, but Rb , 
Sr, Zr, and Ba have been distinctly depleted. 

R584 

Depth (m) Depth (mi 
20r-----~------~------~------~----_, 20~~--~,,~~--~~rrrnTr--._~~~Tn 

Na Fe Si Ti H20 Mn 'Zr' Ni v ' t'r''' 

60 L-----~------~------~------~------~ 

o 0.5 1.5 2 2.5 60L-----------~--~~~~~----------~ 

Decomposition ratio (residue/mica gneiss) 0.1 

in oxides 

R529 

Depth (m) 
10 

20 

30 

40 

50 

60 

70 

80 

90 
100L---~--~--~~~~~~~~L-------~ 100 

0.001 0.01 0.1 10 0.001 
Decomposition ratio (residue/biotite·amphibolite) 

- 5i02 ... MgO "* CaO ~ Na20 -& K20 

R531 

Depth (m) 
20 c------------------------------------, 

Deplh (m) 
20 

30 30 

40 40 

50 50 

60~~~~~r_----~~--~~~~~~~~ 60 
0.001 0.01 0.1 10 0.001 

Decomposition ratio (residue/diopside·amphiblite) 

- 5i02 -<>- MgO "* CaO ~ Na20 

10 100 
Decomposi tion ratio (residue/mica gneiss) 

R529 

0.01 0.1 10 
Decomposition ratio (resi due/bioti te·am phibolite) 

... FeO "* Fe203 -+- Ti02 -& H20 

R531 

0.01 0.1 10 
Decomposition ratio (residue/diopside·amp hiblite ) 

+ FeO *" Fe203 ... Ti02 '*' H20 

Fig. 32. Loss of material du ring kaolinization , presented as decomposition ratio (DR): DR=(AI,Ü,.",./AI ' Ü",ollo) X (C.oollo fC.",",), where 
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e lement is depleted and DR> I that it is enriched . Decomposition ratios of so me major and minor e lements in a kaolin profile R584 , on mica 
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The chemical changes that have taken place dur-
ing kaolinization are summarised in Table 10. The
geochemical balance of kaolinization shows:

-A complete removal of Mn, Mg, Ca, Na, K, Rb
and Sr in all profiles except in R504, where release
of K, Rb and Ba has been slight. These changes
were mainly caused by kaolinization of plagioclase
(Na, Ca, Sr, Rb), biotite (Mg, K, Ba, Mn), horn-
blende (Mg, Ca, Mn, Rb) and K-feldspar (K, Na,
Ba, Sr, Rb)

-A release of over 707o of iron oxides (70-977o
FerO.,,o,). Most iron has been released from biotite,
honblende, pyrite, ilmenite and magnetite during
weathering process and has been removed away as

Fe2' in an reducing environment.
-A release of half of silica (25-70Vo). During

kaolinization, a part of silica has been dissolved
from silicates. Quartz has been also partly dis-
solved, which is indicated by its brittle and corro-
sive edges.

-A significant water increase, which was stored

in kaolinite and to a lesser extent in goethite.
-The release of P is 60-85Vo, except in R504 and

R656, where the change has been minimal. Decom-
position of apatite has released phosphorus into
solution.

-Al, Ti and Ga are immobile. Uneven distribu-
tion of titanium in some kaolin profiles is due to
variation in the concentration of titanium minerals
(ilmenite, sphene, silicates) in the parent rock.

-V and Cr have mostly been enriched or behave
as immobile elements and probably have been
mostly bound to magnetite and ilmenite.

-Ni has been slightly enriched in all profiles
except in kaolin derived from amphibolite (R529,
R531) where it has been depleted in kaolin and
enriched in weathered rock.

-Cu is either unchanged or has been strongly
enriched.

-Zn behaves variable, when Zn has been de-
pleted from kaolin then it has been enriched in
weathered rock.

R504

0.001 0.01 0.1 1

Decomposition ratio (residue/quartz-feldspar gneiss)

* SiO2 )+ Mgo + CaO + Na2O * K2O

0.01 0.1 1 10
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-i- Weathered rock - Kaolin

Fig. 33. Decomposition ratios of some major elements in kaolin profile R504 on quartz-f'eldspar gneiss at Vuorijoki, in kaolin profile R656
on tonalite at Eteläkylä and average DR-values for kaolin and weathered rock in R656.
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The chemical changes that have taken place dur
ing kaolinization are summarised in Table 10. The 
geochemical balance of kaolinization shows: 

-A complete removal of Mn, Mg, Ca, Na, K, Rb 
and Sr in all profiles except in R504, where release 
of K, Rb and Ba has been slight. These changes 
were mainly caused by kaolinization ofplagioclase 
(Na, Ca, Sr, Rb) , biotite (Mg, K, Ba, Mn), horn
blende (Mg, Ca, Mn, Rb) and K-feldspar (K, Na, 
Ba, Sr, Rb) 

-A release of over 70% of iron oxides (70-97 % 
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honblende, pyrite, ilmenite and magnetite during 
weathering process and has been removed away as 
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kaolinization, apart of silica has been dissolved 
from silicates. Quartz has been also partly dis
solved, which is indicated by its brittle and corro
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-A significant water increase, which was stored 
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in kaolinite and to a lesser extent in goethite. 
-The release of P is 60-85 %, except in R504 and 

R656 , where the change has been minimal. Decom
position of apatite has released phosphorus into 
solution. 

-AI , Ti and Ga are immobile. Uneven distribu
tion of titanium in some kaolin profiles is due to 
variation in the concentration of titanium minerals 
(ilmenite, sphene, silicates) in the parent rock. 

-V and Cr have mostly been enriched or behave 
as immobile elements and probably have been 
mostly bound to magnetite and ilmenite. 

-Ni has been slightly enriched in all profiles 
except in kaolin derived from amphibolite (R529, 
R531) where it has been depleted in kaolin and 
enriched in weathered rock . 

-Cu is either unchanged or has been strongly 
enriched. 

-Zn behaves variable, when Zn has been de
pleted from kaolin then it has been enriched in 
weathered rock. 
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Fig. 33. Decomposition ratios of so me major elements in kaolin profile R504 on quartz-feldspar gneiss at Vuorijoki, in kaolin profile R656 
on tona lite at Eteläkylä rrnd average DR-values for kaolin and wea thered rock in R656. 
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-Zr is immobile in two profiles, but its loss is
over 40Vo in other six profiles.

-Y and Nb are immobile in R531, similar to Zr,
but have usually been depleted; exceptionally have
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been strongly enriched in R656.
-La and Ce are unchanged (R5 3 1 ) or have clearly

been depleted in kaolinization.
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Fig. 34. Average decomposition ratios for kaolin and weathered rock in R584, R529 and 53 1, Litmanen, and in R504, Vuorijoki, and for kaolin
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-Zr is immobile in two profiles, but its loss is 
over 40% in other six profiles . 

-Y and Nb are immobile in RS31 , similar to Zr, 
but have usually been depleted ; exceptionally have 
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been strongly enriched in R6S6. 
-La and Ce are unchanged (RS31 ) or have clearly 

been depleted in kaolinization. 
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Fi g. 34. Average decomposition ratios for kaol in and weathered rock in R584, R529 and 531 , Litmanen , and in R504, Vuorijoki , and for kaolin 
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Drill core
Parent rock
Deposit

No Changes Gains Losses

R584
Mica gneiss
Litmanen

R529
Biotite amphibolite
Litmanen

R531
Diopside amphibolite
Litmanen

R382
Biotite amphibolite
Ukonkangas

R385
Granodiorite
Ukonkangas

R504

Quartz-feldspar gneiss
Vuorijoki

R656
Tonalite
Eteläkylä

Al, Cu, Zn, Ba,

Al, Ti, Cu, Ga, Ba, Pb

Al, Ga

AI, Ti, P

Al, Ga

Al, Ti, Cr, Ga, Zr, Nb,
La, Ce

AI, Ti, V, Ni, ZN, Zt

II,O, Ni, Cu

HrO, C, Cr, Ni, Zn

H2O, Ti, V, Cr, Ni,
Cu, Y, hlb, Ce

II'O, C, V, Cr, Ni, Cu,

HrO, S, Cr

lIrO, Cu, V,

ItO, Cr

Si, Fe, Mn, Mg, Ca,
Na, K, S, Zn, Ga, Rb,
Sr, Y, Zr, Nb, Ba, La,
Ce, Pb

Si, Ti, Fe, Mn, Mg,
Ca, Na, K, P, C, V,
Ni, Cu, Zn, Rb, Sr, Y,
Zr, Nb, Ba, La, Ce, Pb

Si, Fe, Mn, Mg, Ca,
Na, K, P, C, S, Ni, Zn,
Rb, Sr, Y, Ba, Pb

Si, Fe, Mn, Mg, Ca,
Na, K, P, Cu, Sr, Ba

Si, Ti, Fe, Mn, Mg,
Ca, Na, K, P, V, Cr,
Sr, Zr

Si, Fe, Mn, Mg, Ca,
Na, K, P, S, V, Rb, Sr,
Y,Zr, Nb, La, Ce

Si, Fe, Mn, Mg, Ca,
Na, K, P, Zn, Rb, Sr,
Zr,Ba, La, Pb
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Table 10. The che mical changes during kaol inization at Virtasalmi. The range of immobile element t | 5Vo, the loss and gain of element over
507o is market by bold letters.

RARB BARTH ELEMBNTS IN KAOLIN PROFILES

Background

Rare earth elements (REE), comprise the lantha-
nides, from lanthanum(Z=57) to lutetium (Z=7I),
and sometimes include yttrium (Z=39) and scan-
dium (Z=21). The REE are divided into rwo sub-
groups, the so-called light rare earth elements
(LREE), from La to Sm, and the so-called heavy
rare earth elements (HREE), from Gd to Lu
(Mclennan 1989, Rollinson 1993). All the REE
have very similar chemical and physical properties
because they form stable 3+ ions of similar size.
There are two exceptions, Eu ,*, which may also
exist in the divalent state under reducing condi-
tions, and Ce 3*, which may be oxidized to Ce 4*. In
its geochemical behaviour Y mirrors the heavy
lanthanides, but the behaviour of Sc is similar to
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Cr, Ni, V and Co.
The REE are regarded as relatively immobile

during low-grade metamorphism, weathering and
hydrothermal alteration, and so they are useful in
petrogenetic modelling (Rollinson 1993). How-
ever, studies show that the REE (Nesbitt 1979;
Duddy 1980; Banfield and Eggleton 1989; and
Nesbitt et al. 1990) are not fully immobile under
extreme chemical weathering. Humphris (1984)
outlines the factors controlling the gains and losses
of REE during hydrothermal alteration or chemical
weathering:

I ) the REE concentrations in the unaltered rock,
the REE distribution and sites of concentration in
the various mineral phases within the rock and the
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Table 10. The che mica l changes during kao linizatio n at Virtasa lmi . The range of immobile e lement ± 15%, the 1055 and ga in o f element over 
50% is marke t by bold lellers. 

Drill core No Changes Gains Losses 
Parent rock 
Deposit 

R584 Al, Ti, P HzO, C , V, Cr, Ni, Cu, Si, Fe, Mn, Mg, Ca, 
Mica gneiss Na, K, S, Zn, Ga, Rb, 
Litmanen Sr, Y, Zr, Nb, Ba, La, 

Ce, Pb 

R529 Al, Ga HzO, S, Cr Si, Ti, Fe, Mn, Mg, 
Biotite amphibolite Ca, Na, K, P, C, V, 
Litmanen Ni, Cu, Zn, Rb, Sr, Y, 

Zr, Nb,Ba,La, Ce, Pb 

R531 Al, Ti, Cr, Ga, Zr, Nb , HzO , Cu, V, Si, Fe, Mn, Mg, Ca, 
Diopside amphibolite La, Ce Na, K, P, C , S, Ni , Zn, 
Litmanen Rb, Sr, Y, Ba, Pb 

R382 Al, Ti, V, Ni, Zn, Zr HzO, Cr Si, Fe, Mn, Mg, Ca, 
Biotite amphibolite Na, K, P, Cu, Sr, Ba 
Ukonkangas 

R385 Al, Cu, Zn, Ba, HzO, Ni, Cu Si, Ti, Fe, Mn, Mg, 
Granodiorite Ca, Na, K, P , V, Cr, 
Ukonkangas Sr, Zr 

R504 Al, Ti, Cu, Ga, Ba, Pb HzO, C , Cr, Ni , Zn Si, Fe, Mn, Mg, Ca, 
Quartz-feldspar gneiss Na, K, P , S, V, Rb, Sr, 
Vuorijoki Y, Zr, Nb, La, Ce 

R656 Al, Ga HzO, Ti, V, Cr, Ni, Si, Fe, Mn , Mg, Ca, 
Tonalite Cu, Y,Nb,Ce Na, K , P, Zn, Rb, Sr, 
Eteläkylä Zr, Ba, La, Pb 

RARE EARTH ELEMENTS IN KAOLIN PROFILES 

Background 

Rare earth elements (REE), comprise the lantha
nides , from lanthanum (Z=57) to lutetium (Z=71) , 
and sometimes include yttrium (Z=39) and scan
dium (Z=21). The REE are divided into two sub
groups, the so-called light rare earth elements 
(LREE) , from La to Sm, and the so-called heavy 
rare earth elements (HREE), from Gd to Lu 
(McLennan 1989, Rollinson 1993). All the REE 
have very similar chemical and physical properties 
because they form stable 3+ ions of similar size . 
There are two exceptions , Eu 3+, which mayaiso 
exist in the divalent state under reducing condi
tions , and Ce 3+, which may be oxidized to Ce 4+. In 
its geochemical behaviour Y mirrors the heavy 
lanthanides , but the behaviour of Sc is sim il ar to 
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Cr, Ni, V and Co. 
The REE are regarded as relatively immobile 

during low-grade metamorphi sm, weathering and 
hydrothermal alteration, and so they are useful in 
petrogenetic modelling (Rollinson 1993) . How
ever, studies show that the REE (Nesbitt 1979; 
Duddy 1980; Banfield and Eggleton 1989; and 
Nesbitt et a1. 1990) are not fully immobile under 
extreme chemical weathering . Humphris (1984) 
outlines the factors controlling the gains and losses 
of REE during hydrothermal alteration or chemical 
weathering: 

1) the REE concentrations in the unaltered rock, 
the REE distribution and sites of concentration in 
the various mineral phases with in the rock and the 



relative stability of mineral phases relative to the
fluid,

2) the concentration of the REE in the fluid, the
partitioning behaviour of the REE between the
minerals and the fluid and the ability of the fluid to
transport REE out of the system and

3) the ability of the secondary minerals to ac-
commodate the REE released from the original
minerals.

Nesbitt (I979) describes intensively weathered
residual clays, which are composed mainly of
kaolinite and illite, that occur near the top of the
weathering profile of the Torrongo granodiorite,
southeastern Australia. Compared to the parent
rock, these clays are preferentially depleted in
HREE relative to LREE . On the other hand, HREE
are preferentially enriched relative to LREE in the
less weathered granodiorite, in the basal part of the
weathering profile compared to the fresh parent
rock. However, the total amount of the REE has

remained constant in the weathering profile. Nesbitt
explains the REE enrichment in the profile and
their depletion in the residue as follows. COr-rich
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acid waters percolate through kaolinite-illite zone
and remove some REE and transport them down the
profile as either carbonate or hydroxyl complexes
or as free ions. Some REE are deposited as hydrox-
ides or carbonates in fractures of partially weath-
ered granodiorite, where pH is basic, during the
kaolinization of minerals such as plagioclase.

Hydrothermal alteration processes may also pro-
duce altered material depleted in REE (Nesbitt
1979; Nesbitt et al. 1990). However, the REE
distribution of the hydrothermal kaolin in the ex-
tensive deposits of southwestern England differs
from that of their weathering profile in so that both
LREE and HREE in the kaolin samples have been

strongly depleted compared to the parent rock
(Alderton et al. 1980). Flourite -rich solutions may
more effectively remove REE.

The hydrothermal kaolin at Jeglowa, Poland,
also has distinctly lower concentrations of REE and
other minor and trace elements compared to its
parent sericite-quartz schists (Wyszomirski 1990).
It may be possible to distinguish hydrothermal and

residual kaolins from their REE distributions.

Sampling

In this study 20 samples of kaolin, weathered
rock and fresh basal rock were selected from five
different drill cores for REE analyses (Appendix
5). The length of each core sample is two metres. In
all cases observations from drill cores show that
kaolin grades gradually via weathered rock into the
unaltered parent rock, which is amphibolite at
Litmanen (R529, R531), quartz-feldspar gneiss
(R504, R510) at Vuorijoki, and leucotonalite at

Eteläkylä (R656). Analysis of the REE data was

done in the following order. In the first stage the
REE were normalized using the chondrite value of

Taylor and Mclennan (1985, p.298). The shape of
the REE patterns of the kaolin and the weathered
rock were compared with that of the underlying
rock to establish if it was a parent rock of the kaolin.
Even though the REE are not completely immobile,
the pattern of kaolin was expected to be at least
quite similar to that of the parent rock (cf. Rollinson
1993). The second stage comprised the mass-bal-
ance calculation of REE-elements, in which alu-
minium was used as an immobile element to nor-
malize the chemical composition of kaolin and

weathered rock against that of its parent rock.

Results and discussion

The chondrite-normalized REE-patterns for the
quartz-feldspar gneiss in R504, for the biotite
amphibolite in R529 and for the diopside
amphibolite in R531 are very similar to each other,
indicating that these metasediments have probably
the same provenance (Fig. 35a). The quartz-feld-
spar gneiss in R510 and the tonalite in R656 have

different REE patterns from the previous three
profiles. The rocks are probably of igneous origin
and have similar patterns with a positive Eu-
anomaly and a low HREE content typical' The
chondrite-normalized REE patterns of the average

kaolins are similar to those of the quartz-feldspar
gneiss (R504), biotite amphibolite (R529) and

diopside amphibolite (R531) confirming that the

kaolins are their alteration products. However, the
REE are slightly enriched in kaolins compared to
their parent rocks (Figs 35a and b). This slight
enrichment is mainly caused by a density differ-
ence between kaolin (1.6-1.7) and corresponding
parent rock(2.6-2.7). The REE patterns of kaolins
in R510 and in R656 differ distinctly from those of
the underlying quartz-feldspar gneiss and tonalite.
They more resemble the REE patterns of the rock
types in R504, R529 and R531 (Fig. 35b). Based on

the REE patterns and concentrations, the kaolin of
R510 is more probable derived from the quartz-
feldspar gneiss, cored by R504, than from the REE-
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relative stability of mineral phases relative to the 
fluid, 

2) the concentration of the REE in the fluid, the 
partitioning behaviour of the REE between the 
minerals and the fluid and the ability of the fluid to 
transport REE out of the system and 

3) the ability of the secondary minerals to ac
commodate the REE released from the original 
minerals. 

Nesbitt (1979) describes intensively weathered 
residual cJays, which are composed mainly of 
kaolinite and illite, that occur near the top of the 
weathering profile of the Torrongo granodiorite, 
southeastern Australia. Compared to the parent 
rock, these cJays are preferentially depleted in 
HREE relative to LREE. On the other hand, HREE 
are preferentially enriched relative to LREE in the 
less weathered granodiorite, in the basal part ofthe 
weathering profile compared to the fresh parent 
rock. However, the total amount of the REE has 
remained constant in the weathering profile. Nesbitt 
explains the REE enrichment in the profile and 
their depletion in the residue as folIows. CO

2
-rich 

acid waters percolate through kaolinite-illite zone 
and remove some REE and transport them down the 
profile as either carbonate or hydroxyl complexes 
or as free ions. Some REE are deposited as hydrox
ides or carbonates in fractures of partially weath
ered granodiorite, where pH is basic, during the 
kaolinization of minerals such as plagiocJase. 

Hydrothermal alteration processes mayaiso pro
duce alte red material depleted in REE (Nesbitt 
1979; Nesbitt et al. 1990). However, the REE 
distribution of the hydro thermal kaolin in the ex
tensive deposits of southwestern England differs 
from that of their weathering profile in so that both 
LREE and HREE in the kaolin sam pies have been 
strongly depleted compared to the parent rock 
(Alderton et al. 1980). Flourite -rich solutions may 
more effectively remove REE. 

The hydrothermal kaolin at Jeglowa, Poland, 
also has distinctly lower concentrations of REE and 
other minor and trace elements compared to its 
parent sericite-quartz schists (Wyszomirski 1990). 
It may be possible to distinguish hydrothermal and 
residual kaolins from their REE distributions. 

Sampling 

In this study 20 sampIes of kaolin, weathered 
rock and fresh basal rock were selected from five 
different drill cores for REE analyses (Appendix 
5). The length of each core sampIe is two metres. In 
all cases observations from drill cores show that 
kaolin grades gradually via weathered rock into the 
unaltered parent rock, which is amphibolite at 
Litmanen (R529, R531), quartz-feldspar gneiss 
(R504, R510) at Vuorijoki, and leucotonalite at 
Eteläkylä (R656). Analysis of the REE data was 
done in the following order. In the first stage the 
REE were normalized using the chondrite value of 

Taylor and McLennan (1985 , p. 298). The shape of 
the REE patterns of the kaolin and the weathered 
rock were compared with that of the underlying 
rock to establish if it was a parent rock of the kaolin . 
Even though the REE are not completely immobile, 
the pattern of kaolin was expected to be at least 
quite similar to that of the parent rock (cf. Rollinson 
1993). The second stage comprised the mass-bal
ance calculation of REE-elements, in which alu
minium was used as an immobile element to nor
malize the chemical composition of kaolin and 
weathered rock against that of its parent rock. 

Results and discussion 

The chondrite-normalized REE-patterns for the 
quartz-feldspar gneiss in R504, for the biotite 
amphibolite in R529 and for the diopside 
amphibolite in R531 are very similar to each other, 
indicating that these metasediments have probably 
the same provenance (Fig. 35a) . The quartz-feld
spar gneiss in R51 0 and the tonalite in R656 have 
different REE patterns from the previous three 
profiles. The rocks are probably of igneous origin 
and have similar patterns with a positive Eu
anomaly and a low HREE content typical. The 
chondrite-normalized REE patterns of the average 
kaolins are similar to those of the quartz-feldspar 
gneiss (R504), biotite amphibolite (R529) and 

diopside amphibolite (R531) confirming that the 
kaolins are their alteration products. However, the 
REE are slightly enriched in kaolins compared to 
their parent rocks (Figs 35a and b). This slight 
enrichment is mainly caused by a density differ
ence between kaolin (1.6-1.7) and corresponding 
parent rock (2.6-2.7). The REE patterns of kaolins 
in R510 and in R656 differ distinctly from those of 
the underlying quartz-feldspar gneiss and tonalite. 
They more resemble the REE patterns of the rock 
types in R504, R529 and R531 (Fig. 35b). Based on 
the REE patterns and concentrations, the kaolin of 
R510 is more probable deri ved from the quartz
feldspar gneiss, cored by R504, than from the REE-
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and Ti-poor quartz-feldspar gneiss of R510. The
sample R656, (depth 98.7 m) is probably not repre-
sentative sample from tonalite because it has a
different REE pattern and its REE content is much
lower than overlying kaolin in the same drill core.
The reason for a low REE content is the abundance
of quartz, typically poor in the REE, and a low
content of hornblende, titanite, ilmenite and apa-

tite, which are typically high in the REE-elements
(Rollinson 1993). The positive Eu-anomaly in
R656 probably reflects a high amount of
plagioclase.

The REE patterns, calculated by using aluminium
as a constant, show that the kaolin of R504 is
strongly depleted both in LREE and HREE and
that consequently the basal weathered rock is en-

Drill core

- R504

+ Rst0
* R529

+ R53t

* R656

Drill core

-' 8504

-r R510

+ R529

+ R531

* R656

b)

Kaolin/chond rite

La Cs

R51 0

Kaolin/quartzJeldspar gneiss

Al-normalized

Kaoli n/d io pside- amp hibol ite

Pr Nd PmSm Eu cd Tb Oy Ho Er Tm yb Lu

Atomic number

Er Tm Yb Lu

c) R5o4
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Depth (m)

- 49.0

-t- 61.6

* 69.2
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Depth (m)

- 73.0

-F 84.0
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Depth (m)
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La Ce Pr Nd Sm Eu fb Oy Ho Er Tm Yb Lu

R529 R531

Depth (m)
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La Ce Pr NdSmEucd Tb Dy Ho ErTmYb Lu y

Al-normalized
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La Ce Pr NdSmEu cdTb Dy Ho Er Tmyb Lu y
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Fig. 35' a) Chondrite-normalized REE-patterns of quartz-feldspar gneiss (R504 and R5l0) from Vuorijoki, of biotite amphibolite
(R529), and diopside amphibolite (R531) from Litmanen and of tonalite (R656) from Eteläkylä. b) REE-patterns of correiponding
kaolins. c) Mass balance calculation of REE-elements in kaolin and weathered rock, normalized Ly aluminium. The REE concentrations
ofkaolin and weathered rock were divided by those ofthe parent rock.
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and Ti-poor quartz-feldspar gneiss of R510. The 
sampie R656 , (depth 98 .7 m) is probably not repre
sentative sample from tonalite because it has a 
different REE pattern and its REE content is much 
lower than overlying kaolin in the same drill core. 
The reason for a low REE content is the abundance 
of quartz , typically poor in the REE, and a low 
content of hornblende, titanite, ilmenite and apa-
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tite , which are typically high in the REE-elements 
(Rollinson 1993). The posi tive Eu-anomaly in 
R656 probably reflects a high amount of 
plagioclase. 

The REE patterns, calculated by using aluminium 
as a constant, show that the kaolin of R504 is 
strongly depleted both in LREE and HREE and 
that consequently the basal weathered rock is en-
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riched with both compared to its parent quafiz-
feldspar gneiss (Fig. 35c). The kaolin sample from
the top part of the profile R510 is depleted of all the
REE, but, compared to the quartz-feldspar gneiss
selected from R504 the kaolin sample from the
lower part of the profile is enriched in the HREE
over the LREE. In R529 white kaolin is slightly
enriched in the LREE and depleted of the HREE,
but in the basal green weathered rock, the HREE
are strongly enriched over the LREE compared to
fresh biotite amphibolite. The same results were
achieved re gardle s s of the norm alizing component
(Al, Ti or isovolumetric method). In R531 the REE
of the coloured kaolin behave a way similar to
those in the kaolin in R529, though the HREE were
more clearly depleted. The REE pattern of the iron-
rich, brown weathered rock is a mirror image to that
of kaolin and, again, there is clear HREE enrich-
ment in the basal part of weathering profile.

The above results show that some REE were
mobilized from kaolin during intensive
kaolinization and enriched in weathered rock. The
behaviour of the REE is quite similar as Nesbitt
(1979) observed in the weathering profile at
Torrongo. The selective leaching of stable and
unstable minerals is probably one reason for the
fractionation of REE (Middelburg et al. 1988).
When a mineral is weathered, REE are liberated
and may subsequently be concentrated as supergene
enrichments in alkaline conditions.

The HREE depletion in kaolin derived from
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amphibolite (R529, R531) and enrichment in the
corresponding weathered rock can be interpreted
as follows. All primary minerals, except zircon and
ilmenite, were dissolved by acid water during in-
tense kaolinization. The LREE were probably ac-

commodated by kaolinite (Alderton et al. 1980;
Janczyszyn et al. 1989), but the HREE were mobi-
lized by acid water and accommodated by Ti- and
Fe-hydroxides or smectite in the weathered rock
under alkaline pH-conditions. The REE distribu-
tion in the weathering products of the quartz-feld-
spar gneiss (R504, R510) is slightly different be-
cause of a diverse primary mineralogical composi-
tion. Most REE occur originally in plagioclase, biotite,
sphene and apatite. REE depletion in the upper kaolin
may be due to the dissolution of large amounts of
plagioclase, biotite, apatite and sphene. The con-
centration of REE in the basal weathered rock may
be caused by sorption or coprecipitation of Ti- and

P-rich phases, which yield a high P content in
analysis (cf. Middelburg et al. 1988), and the pref-
erential enrichment of LREE in altered biotite
(hydromica) (cf. Duddy 1990). It is concluded that
the distribution of the REE in the Virtasalmi kaolin
profiles is more typical for the weathering profile
than for the hydrothermal kaolin profile, in which
there has been more complete REE depletion. Prob-
ably the REE variation was partly caused by the

heterogeneity of the parent rocks. However the parent
rock of kaolin can be easily identified from the
chondrite-normalized REE-patterns.

DATING OF KAOLIN

Stratigraphic age

The age of the Virtasalmi kaolin deposits have
been estimated in a wide range from the surround-
ing lithology. Overlying sediments give the mini-
mum age of the deposit. If the difference between
the age of the parent rock and the overlying strata
is small, the time of kaolinization can be deter-
mined with reasonable accuracy. In the surround-
ing areas ofthe kaolin occurrences, kaolinite-bear-
ing sediments whose age is known (Störr I975a;
Störr et al. 1978), and geomorphology, for example
of different erosion levels, can also be used to
estimate the age of a kaolin deposit (Lidmar-
Bergström 1982; Lidmar-Bergström 1995).

In the Virtasalmi area kaolin lies on highly meta-
morphosed Svecofennian bedrock, dated as 1.9 Ga

(Vaasjoki and Sakko 1988). Glacial sediments cover-
ing the kaolin are only about 10 000 years old and

there is an interstadial mud older than the Eemian

Interglacial above the kaolin at Heponiemi (Nenonen

1995). Dating based on microfossils indicates that
the Iso-Naakkima sedimentary sequence with kao-
lin layers is Late Riphean (1000-650 Ma). This is
evidence that kaolinization in the Virtasalmi area

took place before or during the Neoproterozoic era
(Elo et al.1993). A tentative paleomagnetic age of
the Iso-Naakkima impact structure, dated from
weathered mica gneiss with planar deformation
features in quartz, is 1200-900 Ma (Järvelä et al.
1995). Paleolatitude estimates from the Iso-
Naakkima post impact sediments suggest values of
ca. +34" consistent with previous Fennoscandian
paleolatitude curve of 1100-900 Ma. After struc-
tural correction the preliminary paleomagnetic age

for the Iso-Naakkima sediments is 1100 Ma.
Paleomagnetic data suggest that the Fennoscandian

Shield has been located near the Equator, most of the
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riched with both compared to its parent quartz
feldspar gneiss (Fig. 35c) . The kaolin sampie from 
the top part of the profile R51 0 is depleted of all the 
REE, but, compared to the quartz-feldspar gneiss 
selected from R504 the kaolin sampie from the 
lower part of the profile is enriched in the HREE 
over the LREE. In R529 white kaolin is slightly 
enriched in the LREE and depleted of the HREE, 
but in the basal green weathered rock, the HREE 
are strongly enriched over the LREE compared to 
fresh biotite amphibolite . The same results were 
achieved regardless of the normalizing component 
(Al, Ti or isovolumetric method) . In R531 the REE 
of the coloured kaolin behave a way similar to 
those in the kaolin in R529, though the HREE were 
more clearly depleted. The REE pattern ofthe iron
rich, brown weathered rock is a mirror image to that 
of kaolin and, again , there is clear HREE enrich
ment in the basal part of weathering profile. 

The above results show that some REE were 
mobilized from kaolin during intensive 
kaolinization and enriched in weathered rock. The 
behaviour of the REE is quite similar as Nesbitt 
(1979) observed in the weathering profile at 
Torrongo. The selective leaching of stable and 
unstable minerals is probably one reason for the 
fractionation of REE (Middelburg et a1. 1988) . 
When a mineral is weathered, REE are liberated 
and may subsequently be concentrated as supergene 
enrichments in alkaline conditions. 

The HREE depletion in kaolin derived from 

amphibolite (R529 , R531) and enrichment in the 
corresponding weathered rock can be interpreted 
as follows. All primary minerals, except zircon and 
ilmenite, were dissolved by acid water during in
tense kaolinization. The LREE were probably ac
commodated by kaolinite (Alderton et a1. 1980; 
Janczyszyn et a1. 1989), but the HREE were mobi
lized by acid water and accommodated by Ti- and 
Fe-hydroxides or smectite in the weathered rock 
under alkaline pH-conditions. The REE distribu
tion in the weathering products of the quartz-feld
spar gnei ss (R504, R510) is slightly different be
cause of a diverse primary mineralogical composi
tion. Most REE occur originally in plagioclase, biotite, 
sphene and apatite. REE depletion in the upper kaoli n 
may be due to the dissolution of large amounts of 
plagioclase, biotite, apatite and sphene. The con
centration of REE in the basal weathered rock may 
be caused by sorption or coprecipitation of Ti- and 
P-rich phases , which yield a high P content in 
analysis (cf. Middelburg et a1. 1988), and the pref
erential enrichment of LREE in altered biotite 
(hydromica) (cf. Duddy 1990). It is concluded that 
the distribution of the REE in the Virtasalmi kaolin 
profiles is more typical for the weathering profile 
than for the hydrothermal kaolin profile, in which 
there has been more complete REE depletion. Prob
ably the REE variation was partly caused by the 
heterogeneity of the parent rocks. However the parent 
rock of kaolin can be easily identified from the 
chondrite-normalized REE-patterns. 

DA TING OF KAOLIN 

Stratigraphie age 

The age of the Virtasalmi kaolin deposits have 
been estimated in a wide range from the surround
ing lithology. Overlying sediments give the mini
mum age of the deposit. If the difference between 
the age of the parent rock and the overlying strata 
is small, the time of kaolinization can be deter
mined with reasonable accuracy. In the surround
ing areas of the kaolin occurrences , kaolinite-bear
ing sediments whose age is known (Störr 1975a; 
Störr et a1. 1978), and geomorphology , for example 
of different erosion levels , can also be used to 
estimate the age of a kaolin deposit (Lidmar
Bergström 1982; Lidmar-Bergström 1995). 

In the Virtasalmi area kaolin lies on highly meta
morphosed Svecofennian bedrock, dated as 1.9 Ga 
(Vaasjoki and Sakko 1988). Glacial sediments cover
ing the kaolin are only about 10 000 years old and 
there is an interstadial mud older than the Eemian 

Interglacial above the kaolin at Heponiemi (Nenonen 
1995). Dating based on microfossils indicates that 
the Iso-Naakkima sedimentary sequence with kao
lin layers is Late Riphean (1000-650 Ma) . This is 
evidence that kaolinization in the Virtasalmi area 
took place before or during the Neoproterozoic era 
(Elo et a1. 1993) . A tentative paleomagnetic age of 
the Iso-N aakkima impact structure, dated from 
weathered mica gneiss with planar deformation 
features in quartz, is 1200-900 Ma (Järvelä et a1. 
1995) . Paleolatitude estimates from the Iso
N aakkima post impact sediments suggest values of 
ca. ±34° consistent with previous Fennoscandian 
paleolatitude curve of 1100-900 Ma. After struc
tural correction the preliminary paleomagnetic age 
for the Iso-Naakkima sediments is 1100 Ma. 

Paleomagnetic data suggest that the Fennoscandian 
Shield has been located near the Equator, most of the 
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time after the Svecofennian orogeny, from
Paleoproterozoic to the end ofthe Palaeozoic era or
even later (Pesonen et al. 1989, Elming etal. 1993).

This indicates that the climate was probably fa-
vourable for kaolinization before and after the
deposition of the Iso-Naakkima sediments.

K-Ar dating

Background

Kaolinite does not contain measurable amounts
of any radiogenic isotope and therefore radiogenic
methods have rarely been used for dating of kaolin
deposits. The only method is the use of cogenetic
minerals, which has been applied to a few cases.
The age of a hydrothermal kaolin deposit in the
Chugoku district, SW-Japan, was determined from
sericite/muscovite by the K/Ar-method (Kitagawa
et al., 1988), as were a kaolin deposit on Westphalian
granite in southwestern England (Bray and Spooner
1983) and the Otoge kaolin deposit also in Japan
(Shikazono 1985). All these K/Ar dates were ob-
tained from hydrothermal mica, but no date from a
residual kaolin deposit has yet been published.
However, dating of the deposition and diagenesis of
unmetamorphosed sedimentary rocks have often
been obtained by the K-Ar and Rb-Sr methods
(Faure 1986). Suitable material for this is authigenic
or transformed illite and the interpretation of the
results is always problematic.

When a K-bearing mineral is dated by the K-Ar
method, the concentration of potassium and the
amount of accumulated radiogenic aoAr, should be
measured accurately. The basic assumption is that
illite has been originatedby in situweathering. The
sample should be free of older detrital mica, there
should have been no gains or loss of potassium or
argon after illite precipitation, and contain potas-
sium with normal isotope composition (Faure 1986;
Hamilton et al. 1989). Most detrital mica can be
eliminated by separating the grain size fraction of
less than 2 pm. The grain size of authigenic illite is
typically smaller than 2 pm.

According to Srodon and Eberl (1984) illite is a
common name for a nonexpanding, dioctahedral,
aluminium-bearing, potassium mica-like mineral,
which occurs in the clay fraction (<2 pm). This
fraction may contain either authigenic or diagenetic
clay minerals, whereas in the coarser fraction the
presence of old detrital muscovite may result in a
date that exceeds the time of deposition. Authigenic
illite has a broad (001) x-ray diffraction peak at the
10 A position in contrast to detrital mica, which has
a narrow peak. Illite has several polymorphic rypes,
of which lM and lMd polymorphs form at low
temperatures during weathering or diagenesis. The
2M polymorph only forms at temperatures higher
than 250"C during metamorphism.
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Sample description

Illite is a rare mineral in the Virtasalmi kaolin
deposits. Traces of illite were found only in a few
samples among 1600 kaolin samples of different
grain sizes, studied by XRD at GSF during the
kaolin project. A few percent of dioctahedral mica,
with a sharp diffraction peak at the 10 A position,
is present in many raw kaolin samples. Occasion-
ally there are also traces of trioctahedral mica,
which has a sharp 10 A peak. The 5A peak, typical
of dioctahedral mica and illite, is usually missing.
The average kaolin at Litmanen contains 27o
dioctahedral mica, kaolin at Vuorijoki 4Vo and at
Ukonkanga s 97a . In the < 20 pm fraction the mica
content is about half of the mica content in the raw
kaolin.

The XRD determinations and the chemical analy-
ses indicated that drill core R585 from the south-
western margin of Litmanen is the most promising
sample for dating purposes. The amount of illite
increases with decreasing grain size. The potas-
sium content shows the similar trend (Tables 11
and 12). The upper part of drill core R585 is
composed of kaolin whose colour varies from white
to light brown depending on the amount of goethite.
Kaolin contains relics of altered garnets, and
goethite after oxidized pyrite and biotite. Kaolin
grades downwards into a dark grey, soft weathered
rock, in which the primary features of the mica
gneiss have been preserved. The weathered rock
becomes harder with depth and coring was stopped
at the depth of 60 m.

The x-ray patterns of kaolin and altered mica
gneiss are presented Fig. 36 and results in Table I l.
The basal weathered rock or altered mica gneiss
contains 707o trioctahedral mica and l5Vakaolinite
and 757o qüartz. No K-feldspar is present and only
potassium-bearing mineral is trioctahedral mica
(or biotite). The overlying kaolin contains 55-60Vo
kaolinite, 35-40Vo quartz, and 5-107o dioctahedral
illite. The settled <20 pm, <2 pm, <0.5 pm frac-
tions from corresponding samples consist of
kaolinite and illite. Kaolinite also dominates the <
2pm and <0.5 pm fractions in the weathered rock,
although traces of trioctahedral illite are also
present. XRD-patterns from dated samples confirm
that only kaolinite and dioctahedral illite are present.
A broad peak at l0 A and a small grain size indicate
an authigenic origin for the dated illite.
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time after the Svecofennian orogeny, from 
Paleoproterozoic to the end ofthe Palaeozoic era or 
even later (Pesonen et al. 1989, Elming et al. 1993). 

This indicates that the climate was probably fa
vourable for kaolinization before and after the 
deposition of the Iso-Naakkima sediments. 

K-Ar dating 

Background 

Kaolinite does not contain measurable amounts 
of any radiogenic isotope and therefore radiogenic 
methods have rarely been used for dating of kaolin 
deposits. The only method is the use of cogenetic 
minerals, which has been applied to a few cases. 
The age of a hydrothermal kaolin deposit in the 
Chugoku district, SW-Japan, was determined from 
sericite/muscovite by the K/Ar-method (Kitagawa 
et a1., 1988), as were a kaolin deposit on Westphalian 
granite in southwestern England (Bray and Spooner 
1983) and the Otoge kaolin deposit also in Japan 
(Shikazono 1985). All these KlAr dates were ob
tained from hydrothermal mica, but no date from a 
residual kaolin deposit has yet been published. 
However, dating ofthe deposition and diagenesis of 
unmetamorphosed sedimentary rocks have often 
been obtained by the K-Ar and Rb-Sr methods 
(Faure 1986). SlIitable material for this is authigenic 
or transformed illite and the interpretation of the 
results is always problematic. 

When a K-bearing mineral is dated by the K-Ar 
method, the concentration of potassillm and the 
amollnt of accllmlliated radiogenic 4°Ar, should be 
measured accurately. The basic assumption is that 
illite has been originated by in situ weathering. The 
sampie should be free of older detrital mica, there 
should have been no gains or loss of potassium or 
argon after illite precipitation, and contain potas
sium with normal isotope composition (Faure 1986; 
Hamilton et al. 1989). Most detrital mica can be 
eliminated by separating the grain size fraction of 
less than 211m. The grain size of allthigenic illite is 
typically smaller than 211m. 

According to Srodon and Eber! (1984) illite is a 
common name for a nonexpanding, dioctahedral , 
aluminium-bearing, potassium mica-like mineral, 
which occurs in the clay fraction «211m). This 
fraction may contain either authigenic or diagenetic 
clay minerals, whereas in the coarser fraction the 
presence of old detrital muscovite may result in a 
date that exceeds the time of deposition. Authigenic 
illite has a broad (001) x-ray diffraction peak at the 
10 Ä position in contrast to detrital mica, which has 
a narrow peak. lllite has several polymorphie types, 
of which IM and 1 Md polymorphs form at low 
temperatures during weathering or diagenesis. The 
2M polymorph only forms at temperatures higher 
than 250°C during metamorphism. 
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Sampie description 

Illite is a rare mineral in the Virtasalmi kaolin 
deposits. Traces of illite were found only in a few 
sampies among 1600 kaolin sampies of different 
grain sizes, studied by XRD at GSF during the 
kaolin projecL A few percent of dioctahedral mica, 
with a sharp diffraction peak at the 10 Ä position, 
is present in many raw kaolin sampies. Occasion
ally there are also traces of trioctahedral mica, 
which has a sharp 10 Ä peak. The 5Ä peak, typical 
of dioctahedral mica and illite, is usually missing. 
The average kaolin at Litmanen contains 2% 
dioctahedral mica, kaolin at Vuorijoki 4% and at 
Ukonkangas 9%. In the < 20 11m fraction the mica 
content is about half of the mica content in the raw 
kaolin. 

The XRD determi nations and the chemical analy
ses indicated that drill core R585 from the south
western margin of Litmanen is the most promising 
sampie for dating purposes. The amount of illite 
increases with decreasing grain size. The potas
sium content shows the similar trend (Tables 11 
and 12). The upper part of drill core R585 is 
composed ofkaolin whose colour varies from white 
to light brown depending on the amount of goethite. 
Kaolin contains relics of altered garnets, and 
goethite after oxidized pyrite and biotite. Kaolin 
grades downwards into a dark grey, soft weathered 
rock , in which the primary features of the mica 
gneiss have been preserved. The weathered rock 
becomes harder with depth and coring was stopped 
at the depth of 60 m. 

The x-ray patterns of kaolin and altered mica 
gneiss are presented Fig. 36 and results in Table 11. 
The basal weathered rock or altered mica gneiss 
contains 70% trioctahedral mica and 15 % kaolinite 
and 15 % quartz. 0 K-feldspar is present and only 
potassium-bearing mineral is trioctahedral mica 
(or biotite). The overlying kaolin contains 55-60% 
kaolinite, 35-40% quartz, and 5-10% dioctahedral 
illite. The settled <20 11m, <211m , <0.5 11m frac
tions from corresponding sampies consist of 
kaolinite and illite. Kaolinite also dominates the < 
211m and <0 .5 11m fractions in the weathered rock, 
although traces of trioctahedral illite are also 
present. XRD-patterns from dated sampies confirm 
that only kaolinite and dioctahedral illite are present. 
A broad peak at 10 Ä and a small grain size indicate 
an authigenic origin for the dated illite. 



Fig. 36. X-ray diffraction patterns from the dated <2 pm and
<0.5 pm fraction samples on the left, reveal peaks of kaolinite
Q.2 A,3.58 A) and illite (10 A, 5A). On the right, the sharp
peak of trioctahedral mica (biotite) of altered mica gneiss
(depth 56.1-60.1 m) at 10 Ä disappears in kaolin (depths 45.0-
46.8 m and22.6-24.9 m) and the broad peaks of illite occur at

the 10.& and 5 A positions.
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Table 1 l. Mineralogical composition of raw kaolin, <20 pm <2 pm and 0.5 pm fraction in R585, determined by XRD.

Depth (m)
rock Wpe

Particle
size (pm)

Kaolinite
%

Illite
%

Trimica
%

Quartz
%

Hinckley
index

22.6-24.9
kaolin

37.0-39.0
kaolin

45.0-46,8
kaolin

41.0-46.8

56.1-60.1

weathered
gneiss

mrca

raw

<20

<2

<0.5

raw

<20

raw

<20

<2

<0.5

raw

<2

<0.5

55

85

90

85

60

95

f)

95

90

90

15

< 100

90

l0

15

10

15

)

)

5

5

10

10

<5

10

70

35

35

40

15

n.d.

n.d.

0.93

0.78

n.d.

n.d.

n.d.

n.d.

0.96

0.83

n.d.

0.77

0.87

t39

Fig. 36. X-ray d iffraction patterns from the dated <2 Ilm and 
<0 .5 Ilm fraction sampies on the left, reveal peaks of kaol inite 
(7 .2 Ä, 3.58 Ä) and illite (10 Ä, 5Ä) . On the right, the sharp 
peak of trioctahedral mica (b iot ite) of a ltered mica gneiss 
(depth 56.1-60.1 m) at 10 Ä disappears in kaolin (deplhs 45.0-
46.8 m and 22 .6-24.9 m) and the broad peaks of illite occ ur at 
the 10 Ä and 5 Ä positions. 
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Table I I . Min era logica l compositi on of raw kao lin , <20 ilm <2 Ilm and 0.5 ilm fraction in R5 85, determined by XRD. 

Depth (m) Particle Kaolinite Illite Tri-mica Quartz Hinckley 
rock type size (firn) % % % % index 

22 .6-24.9 raw 55 10 35 n.d . 
kaolin 

" <20 85 15 n.d. 

" <2 90 10 0.93 

" <0.5 85 15 0.78 

37.0-39.0 raw 60 5 35 n.d. 
kaolin 

" <20 95 5 n.d , 

45.0-46.8 raw 55 5 40 n.d . 
kaolin 

" <20 95 5 n.d. 

41.0-46.8 <2 90 10 0 .96 

" <0.5 90 10 0.83 

56.1-60.1 raw 15 70 15 n.d. 

weathered mica <2 < 100 <5 0.77 
gneiss 

" <0.5 90 10 0.87 
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Grain s

Depth m
Raw

22.9-24.9
<20 pm

22.9-24.9
12prm

22.6-24.9

sio2

Tio2

Al2o3

FerO3

MnO

Mgo

CaO

NarO

Kro

Prot

HrO

Total

C

S

65.48

.91

20.44

1.80

.05

A'.+J

.06

.02

1.30

.10

7.90

98.49

.66

.70

45.32

l.18

34.89

.53

.00

.45

.02

.A

2.09

.21

12.90

.30

.12

46.47

.86

35.70

.50

.01

.38

.02

.14

2.r3

.13
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Table 12. Chemical composition of kaolin from R585

All the primary minerals of mica gneiss, except
quartz, have altered to kaolinite and dioctahedral
illite. Biotite, as an unstable mineral during weath-
ering (cf. Loughnan 1969), has completely broken
down and altered into kaolinite and illite.

Results and discussion

K/Ar dating using three different kaolin samples
was carried out by Dr. B. Lang at the Geological
Survey of Israel. The K-Ar isotopic data is presented
in Table 13. The ages of all samples are very similar
ranging from I 151-1 189 Ma and the Ar retention is
excellent. The similar age means that the samples

contain either authigenic or detrital illite. Mixing
of minerals would give different ages since the
mixing ratio cannot be so constant and perfect in
several samples. Based on mineralogy, the samples
more likely consist of authigenic illite than of
detrital illite. If old mica is present, the age of the
< 2 micron fraction should be higher than that of the
0.5 micron fraction. The ages determined fall within
the error limits. However, at the deeper level the
age of illite is slightly younger, which accords with
the fact that weathering advances downwards.

The Mesoproterozoic age of illite, 1180 Ma,
from the Litmanen kaolin deposit, indicates that
kaolin is older than kaolinite-bearins sediments at

Table 13. The results from K/Ar dating of illite. Analysis by Dr B. Lang at Geological Survey of Israel.

Drill core
Depth (m)

Litology P. size

0zm)
%K %aoArr^ Age (Ma)

R585
22.6-24.9

R585
22.6-24.9

R585
41.6-46.8

white kaolin
kaolinite * illite

white kaolin
kaolinite + illite

white kaolin
kaolinite * illite

<2

<0.5

<0.5

1.77

t.74

t.o7

97.6

93.4

91.5

1189+ 18

1 179j l8

rI5rx22

r40
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Table 12. Chemical composition of kao lin from R5 85. 

Grain s Raw 
Depth m 22.9-24.9 

Siü2 65.48 

Tiü2 .91 

Al2ü 3 20.44 

Fe2ü 3 1.80 

Mnü .05 

Mgü .43 

Caü .06 

Na2ü .02 

K2ü 1.30 

P2Ü S .10 

H2ü 7.90 

Total 98.49 

C .66 

S .70 

All the primary minerals of mica gneiss, except 
quartz, have altered to kaolinite and dioctahedral 
illite. Biotite, as an unstable mineral du ring weath
ering (cf. Loughnan 1969), has completely broken 
down and altered into kaolinite and illite. 

Results and discussion 

K/ Ar dating using three different kaolin sampies 
was carried out by Dr. B. Lang at the Geological 
Survey of Israel. The K-Ar isotopic data is presented 
in Table 13. The ages of all sampIes are very similar 
rangingfrom 1151-1189 Ma and the Ar retention is 
excellent. The similar age means that the sampIes 

<20~m < 2~m 
22.9-24.9 22.6-24.9 

45.32 46.47 

l.l8 .86 

34.89 35.70 

.53 .50 

.00 .01 

.45 .38 

.02 .02 

.24 .14 

2.09 2.13 

.21 .13 

12.90 

.30 

.12 

contain either authigenic or detrital illite. Mixing 
of minerals would give different ages since the 
mixing ratio cannot be so constant and perfect in 
several sampies . Based on mineralogy , the sampies 
more likely consist of authigenic illite than of 
detrital illite. If old mica is present, the age of the 
< 2 micron fraction should be higher than that of the 
0.5 micron fraction . The ages determined fall within 
the error limits. However, at the deeper level the 
age of illite is slightly younger, which accords with 
the fact that weathering advances downwards. 

The Mesoproterozoic age of illite, 1180 Ma, 
from the Litmanen kaolin deposit, indicates that 
kaolin is older than kaolinite-bearing sediments at 

Tabl e 13. The results from Kl Ar dating o f iliite . Analys is by Dr B . Lan g at Geo logica l Survey of Israe l. 

Drill core Litology P. size %K % 40Arrad Age (Ma) 
Depth (m) (~m) 

R585 white kaolin <2 1.77 97.6 1189±18 
22.6-24.9 kaolinite + illite 

R585 white kaolin <0.5 1.74 93.4 1179±18 
22.6-24 .9 kaolinite + illite 

R585 white kaolin <0.5 1.07 91.5 1151 ±22 
41.6-46.8 kaolinite + illite 
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Iso-Naakkima, whose microfossil age is 650-1000
Ma and paleomagnetic age 900- I 100 Ma (Elo et al.
1993; Järvelä et al. 1995). The paleolatitude of
Fennoscandia 1 180 Ma ago was 10 degrees south of
the Equator (Elming et al. 1993), which matches
well the kaolinization. The Litmanen kaolin is
younger than the 1300- 1400 Ma age group of Jotnian
sediments in the Muhos, Satakunta, Lappajärvi and
Ladoga formations (Simonen 1980; Uutela 1990).
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In the Lappajärvi impact crater, Mesoproterozoic
sedimentary rocks and nearly 40 m thick weathered
rock on Paleoproterozoic mica gneiss has been
intersected by drilling (Pipping 1991). The weath-
ered rock contains kaolinite (3O7o), quartz and illite
(DH302, 92.7 m). Also the overlying sedimentary
rocks contain some kaolinite. The sediments were
in place some 77 Ma years ago, when the Lappajärvi
impact crater was formed.

DISCUSSION

Residual origin of the Virtasalmi kaolin deposits

There is much evidence that the kaolins at
Virtasalmi were formed in situ by chemical weath-
ering processes. Typically the deposits are irregu-
Iar in shape, narrow and deep. The thickness of
kaolin is in places up to 100 m and the kaolinite
content is high, on average 45-757o,locally as high
as 80-90Vo. Kaolin changes with depth through a

partially altered rock into quartz-feldspar gneiss.
mica gneiss, amphibolite or tonalite. The quality
and shape ofkaolin are controlled by the character-
istics of the parent rock; its composition, vertical
layering, schistosity, jointing and fold structures.
The kaolins of Virtasalmi belong to primary de-
posits. This is directly indicated in drill cores by a
gradual transition from kaolin into the parent rock.
The primary nature is also indicated by minera-
logical and chemical composition and particle size
distribution along the kaolin profiles. In vertical
drill holes, the banding of coloured kaolin is often
parallel to the core like in the underlying rock. The
uppermost 2-3 m of kaolin, beneath a kaolinite-
bearing hard till, have been slumped and mixed
with till during glaciation e.g. in Well 2 atLitmanen.

The linear shape and the great depth are often
considered as typical features for hydrothermal
deposits (Kuzvart 1980; Bristow 1993). In con-
trast, residual deposits of weathering origin extend
over large areas, for example in the Ukraine (Rusko
1978). In fault and fracture zones weathering
reaches the greatest depth, but due to the erosion

level only the roots of originally extensive weath-
ering crust are left. This is the case at Virtasalmi.

The contacts of the Virtasalmi kaolins are usu-
ally transitional, not sharp as in hydrothermal
kaolins. Further, nacrite, dickite and halloysite, the
minerals typical of hydrothermal deposits (Murray
and Keller 1993), are totally missing from the
Virtasalmi kaolins. The low bulk density (ca. 1.8 g/
cm3 ) of the Virtasalmi kaolins is typical of residual
and not hydrothermal deposits, which are of higher
density (> 2.0 glcm3, Keller 1978).

The chemical changes in the Virtasalmi kaolin
profiles, such as a complete removal of the alkaline
earths and alkalies, the release over707o oforiginal
iron and over half of silica and the increase of water
and immobility of aluminium and titanium etc. as

discussed earlier, are features typical of kao-
linization in a warm and humid climate (cf. Millot
1970).

The behaviour of the REE elements in the kaolin
profiles of Virtasalmi is similar to the recent weath-
ering profile of Torrongo, Australia described by
Nessbitt (1979). The HREE are depleted over the
LREE in kaolin and enriched in weathered rock at
the bottom of the profile. In hydrothermal kaolin
deposits the depletion of Ree has been more effec-
tive and there is no concentration layer in the basal
part of the profile (Alderton et al. 1980). The
evidence reported here strongly support the weath-
ering origin for Virtasalmi kaolins.

Rate of kaolinization

In a warm and humid climate kaolinization ad-

vances surprisingly fast. Störr et al. 1978 estimated
10-100 m during a million years in a tectonically
quiet environment without transgression, even

though the kaolinization rate decreases with depth.

Tardy and Roquin (1992) assumed that weathering

rate is some 10 m/Myr, if 1000 mm of water
percolates through a profile each year. The devel-
opment of the maximum 100 m of kaolin profile at

Virtasalmi may have taken 10 million years. As-
suming that an annual rainfall is 1000 mm, half of
which percolates through one square metre. A sim-
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Iso-Naakkima, whose microfossil age is 650-1000 
Ma and paleomagnetic age 900-1100 Ma (Elo et al. 
1993 ; Järvelä et al. 1995). The paleolatitude of 
Fennoscandia 1180 Ma aga was 10 degrees south of 
the Equator (Elming et al. 1993), which matches 
well the kaolinization. The Litmanen kaolin is 
younger than the 1300-1400 Ma age group ofJotnian 
sediments in the Muhos, Satakunta, Lappajärvi and 
Ladoga formation s (Sirnonen 1980; Uutela 1990) . 

In the Lappajärvi impact crater, Mesoproterozoic 
sedimentary rocks and nearly 40 m thick weathered 
rock on Pa1eoproterozoic mica gneiss has been 
intersected by drilling (pipping 1991) . The weath
ered rock contains kaolinite (30%), quartz and illite 
(DH302, 92 .7 m). Also the overlying sedimentary 
rocks contain some kaolinite. The sediments were 
in place some 77 Ma years ago, when the Lappajärvi 
impact crater was formed. 

DISCUSSION 

Residual origin of the Virtasalmi kaolin deposits 

There is much evidence that the kaolins at 
Virtasalmi were formed in situ by chemical weath
ering processes. Typically the deposits are irregu
lar in shape, narrow and deep. The thickness of 
kaolin is in pi aces up to 100 m and the kaolinite 
conte nt is high, on average 45-75 %, locally as high 
as 80-90%. Kaolin changes with depth through a 
partially altered rock into quartz-feldspar gneiss, 
mi ca gneiss, amphibolite or tonalite . The quality 
and shape ofkaolin are controlled by the character
istics of the parent rock; its composition , vertical 
layering, schistosity , jointing and fold structures. 
The kaolins of Virtasalmi belong to primary de
posits . This is directly indicated in drill cores by a 
gradual transition from kaolin into the parent rock. 
The primary nature is also indicated by minera
logical and chemical composition and particle size 
distribution along the kaolin profiles . In vertical 
drill holes , the banding of coloured kaolin is often 
parallel to the core like in the underlying rock. The 
uppermost 2-3 m of kaolin , beneath a kaolinite
bearing hard ti 11 , have been slumped and mixed 
with till during glaciation e.g. in We1l2 at Litmanen. 

The linear shape and the great depth are often 
considered as typical features for hydrothermal 
deposits (Kuzvart 1980; Bristow 1993). In con
trast, residual deposits ofweathering origin extend 
over large areas , for example in the Ukraine (Rusko 
1978). In fault and fracture zones weathering 
reaches the greatest depth, but due to the erosion 

level only the roots of originally extensive weath
ering crust are left. This is the case at Virtasalmi. 

The contacts of the Virtasalmi kaolin s are usu
ally transitional , not sharp as in hydrothermal 
kaolins. Further, nacrite, dickite and halloysite, the 
minerals typical of hydro thermal deposits (Murray 
and Keller 1993), are totally missing from the 
Virtasalmi kaolins. The low bulk density (ca. 1.8 g/ 
cm3

) of the Virtasalmi kaolins is typical of residual 
and not hydrothermal deposits , which are of higher 
density (> 2.0 g/cm3, Keller 1978). 

The chemical changes in the Virtasalmi kaolin 
profiles , such as a complete removal ofthe alkali ne 
earths and alkalies , the release over 70% of original 
iron and over half of silica and the increase of water 
and immobility of aluminium and titanium etc. as 
discussed earlier, are features typical of kao
linization in a warm and humid climate (cf. Millot 
1970). 

The behaviour of the REE elements in the kaolin 
profiles ofVirtasalmi is similar to the recent weath
ering profile of Torrongo, Australia described by 
Nessbitt (1979). The HREE are depleted over the 
LREE in kaolin and enriched in weathered rock at 
the bottom of the profile. In hydrothermal kaolin 
deposits the depletion of Ree has been more effec
tive and there is no concentration layer in the basal 
part of the profile (Alderton et al. 1980) . The 
evidence reported here strongly support the weath
ering origin for Virtasalmi kaolins. 

Rate of kaolinization 

In a warm and humid climate kaolinization ad
vances surprisingly fast. Störr et al. 1978 estimated 
10-100 m during a million years in a tectonically 
quiet environment without transgression , even 
though the kaolinization rate decreases with depth . 
Tardy and Roquin (1992) assumed that weathering 

rate is some 10 m/Myr, if 1000 mm of water 
percolates through a profile each year. The devel
opment of the maximum 100 m of kaolin profile at 
Virtasalmi may have taken 10 million years . As
suming that an annual rainfall is 1000 mm, half of 
which percolates through one square metre. A sim-
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ple calculation for the time required to develop the
kaolin profile R656 is as follows:

-Thickness of kaolin is 68 m
-Amount of percolating water=s00 l/year
-Total loss of SiO, = 958 000 g/m3 (Table 9)
-Solubility of SiOr=1Q mg/l (Loughnan 1969)

Time for the kaolinization of one meter down-
ward takes

958 000 g/m3 :500 I x 10 x 10 3 g/l = 191 600
years

==) 68 x 191 600 = 13,0289 Myr

The volume contraction, given earlier is about
207o which indicates that the original kaolin profile
has been thicker and has evolved over 15.6 million
years. There are many unknown variables, which
make this calculation uncertain including the fact
that how thick was the original weathering profile.

Comparison with other residual deposits

Recent laterite and kaolin deposits

At Virtasalmi a typical weathering profile is
composed of a thick kaolin zone (30- 100 m) under-
lain by a relatively thin transition zone (0.5- 15 m).
On acid rock the mineralogical assemblages are
kaolinite-quartz, kaolinite-quartz-mica and
kaolinite-quartz-goethite, and, on basic rock,
kaolinite, kaolinite-goethite, kaolinite-haemarite.
Transition zone contains rock frasments and

kaolinite and illite as weathering products, rare
smectite on acid parent rock (quartz-feldspar gneiss,
mica gneiss and tonalite) and both kaolinite and
smectite on basic rock (amphibolite).

In recent laterites kaolinization is often an inter-
mediate stage in the formation of bauxites. A typi-
cal lateritic bauxite profile, from top to bottom,
consists of a lateritic soil, a ferricrete and/or a
bauxite (l-30 m), underlain by a kaolin horizon
(often called: lithomarge, fine saprolite, leaching

Decomposition ratio (kaolin/parent rock)
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Sources: Almeborg et al. 1969; Bondam 1967; Bray & Spooner 1993; Kuzvart 1969;
Murray et al. 1978; Pruett & Murray 1993; Störr et at. 1969

Fig.37 MassbalancecalculationsfromdifferentprimarykaolindepositsaroundtheworldandfromtheVirtasalmideposit.Silica,iron,
magnesium, calcium , sodium and potassium were most complely deplered at Virtasalmi. At Latah redeposition of kaolin caused
stronger losses of these elements.
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pIe caJculation for the time required to develop the 
kaolin profile R656 is as folIows: 

-Thickness of kaolin is 68 m 
-Amount of percolating water=500 l/year 
-Totalloss of Si0

2 
= 958 000 g/m 3 (Table 9) 

-Solubility of Si0
2
= 1 0 mg/l (Loughnan 1969) 

Time for the kaolinization of one meter down
ward takes 

958000 g/m3 : 500 I x 10 X 10-3 g/1 = 191 600 
years 

==> 68 x 191 600 = 13,0289 Myr 

The volume contraction, given earlier is about 
20% which indicates that the original kaolin profile 
has been thicker and has evolved over 15 .6 million 
years. There are many unknown variables, which 
make this caJculation uncertain including the fact 
that how thick was the original weathering profile. 

Comparison with other residual deposits 

Recent laterite and kaolin deposits 

At Virtasalmi a typical weathering profile is 
composed of a thick kaolin zone (30-100 m) under
lain by a relatively thin transition zone (0.5-15 m). 
On acid rock the mineralogical assemblages are 
kaolinite-quartz , kaolinite-quartz -mica and 
kaolinite-quartz-goethite, and, on basic rock, 
kaolinite , kaolinite-goethite, kaolinite-haematite. 
Transition zone contains rock fragments and 

kaolinite and illite as weathering products, rare 
smectite on acid parent rock (quartz-feldspar gneiss, 
mica gneiss and tonalite) and both kaolinite and 
smectite on basic rock (amphibolite). 

In recent laterites kaolinization is often an inter
mediate stage in the formation of bauxites. A typi
cal lateritic bauxite profile, from top to bottom, 
consists of a lateritic soil, a ferricrete and/or a 
bauxite (1-30 m), underlain by a kaolin horizon 
(often called: lithomarge, fine saprolite, leaching 

Decomposition ratio (kaolin/parent rock) 
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Fig. 37. Mass balance calcu lations from different primary kaolin deposits around the world and from the Virtasalmi deposit. Silica, iron , 
magnesium , calcium , sodium and potassium were most complely depleted at Virtasalmi. At Latah redeposition of kaolin caused 
stronger los ses of these e lements. 
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zone or pallid zone). The kaolin horizon consists of
kaolinite, quartz and variable amount of goethite or
haematite. It grades with depth into a coarse saprolite
and unweathered parent rock (Bardossy and Aleva
1990, Tardy 1992). The diversity of present-day
laterite profiles is due to variation in climate, par-
ent rocks, topographic positions and hydrological
regimes. The total thickness of saprolite including
kaolin between bauxite and parent rock may be 100
m. Coarse saprolite is thin in humid tropics, but
thicker in arid and temperate regions, and thicker
on acid than on basic rock. In a coarse saprolite
kaolinite and smectite occur between rock frag-
ments. The laterite profile can be truncated so that
either bauxite or kaolin is missing.

The kaolin profile of Virtasalmi resembles part
of a recent laterite profile, although the bauxite
cover is missing. In the present-day tropics, baux-
ite with kaolin often developes on highlands; kao-
lin alone favours lowlands because the drainage of
water is better on a hill than in a valley (Tardy and
Roquin 1992). At Virtasalmi kaolin lies in valleys
on a lowland and the weathering crust has been
removed from the highlands. Gibbsite or boehmite
are typical bauxite minerals,but they have not been
detected from the Virtasalmi kaolin. The absence
of bauxite minerals may be due to insufficient
humidity, or insufficient fluctuation of groundwater
level, or because the activity of silica has been too
high in running water and so kaolinite has been
more stable than gibbsite, which may have been
replaced by kaolinite (Millot 1970, Tardy 1992).
The development of bauxite was generally uncom-
mon during the Proterozoic (Sokolov and Heiskanen
1984), or at least the evidence is rare. However, the
kaolin profile at Virtasalmi corresponds moder-
ately well to the lower part of recent laterites.

In Australia, Gaskin (1969) has noticed three
types of residual kaolinization: a) leaching in pallid
zones under laterites, b) deep weathering in perme-
able rocks in elevated areas, where the water table
is far from the surface and c) intense leaching by
acid groundwaters derived from brown coal depos-
its or oxidizing sulphide bodies. At Virtasalmi
cases a, b and c (excluding brown coal) are all
possible.

A classic present-day example of tropical
kaolinization is described by Murray et al. (1978)
from Belitung Island, Indonesia, three degrees south
of the equator in the Java Sea. Here, rainfall aver-
ages 3000 to 3500 mm per year and the average
temperature is 29"C. The island is a flat peneplain
rising some 20 m above sea level. Since the Creta-
ceous the area has been stable and favourable for
deep tropical weathering. A porphyric biotite gran-

ite of Triassic age has altered into white kaolin. The

weathering profile under a thin soil cover is 8 m
thick. The white kaolin, consisting of kaolinite and
quartz.with minor amounts of halloysite, gibbsite,
K-mica and smectite, changes with depth into yel-
low kaolin and darker clay and finally to fresh rock.

As shown in Fig. 37 ,the chemical changes in the
weathering profiles of Belitung and Eteläkylä are
very similar. There is a complete removal of alka-
line earths and alkalies and the amounts of leached
silica and iron are identical. The bleaching process
in these two kaolins has been more intensive than
in the kaolins ofCentral Europe and Fennoscandia,
which are discussed later in the text.

Kaolins of Central Europe

Several primary kaolins are exploited in Europe,
many of them derived from arkosic sandstone, but
some from granitoids, similar to the Virtasalmi
rocks.

The most extensive and numerous deposits are
located on the Ukrainian shield and they formed
during Mesozoic kaolinization of Pre-Cambrian
granites and gneisses. The kaolinization depth
ranges between 5 and 50 m, in fractures up to 65 m.
Beneath the kaolin zone there is a5-20 m hydromica
zone, which is incompletely altered (Rusko 1978;
Pickering et al. 199 4). Kaol inite predominate s (3 0-
50Vo)withvariable amounts of quartz and mica and
the intensity of kaolinization is weaker than at
Virtasalmi.

The Triassic arkose sandstones of Hirschau-
Schnaittenbach near Weiden in Germany were
kaolinized in situ soon after their deposition
(Lippertet al.1969; Köster 1980). The thickness of
the kaolinized sandstones is 30-50 m and they are

buried by sediments of Triassic, Jurassic and Cre-
taceous age. Kaolin contains l0-207o kaolinite, 0-
127o feldspar,l-27a mica and 76-80Vo q:uartz. Car-
boniferous arkoses, arkosic sandstone and con-
glomerates of the Plzen area in the Czech Republic
were kaolinized during deposition and in Creta-
ceous and Lower Tertiary (Kuzvart 1969, Störr et
al. 1978). The deposits are overlaidby sediments of
Late Oligocene and Miocene age. The workable
kaolin is 20-60 m thick, although the kaolinized
arkose extends to depths of up to 200 m. The kaolin
c ontains up to 307o (av g. l 8.5 Vo) washable kaolinite
(Jiränek et al. 1990). These large deposits have
quite similar kaolinite contents and thicknesses to
some deposits in Kainuu and Lapland, but do not
correlate with the Virtasalmi deposits.

The deposits of Karlovy Vary in the Czech Re-
public and Caminau in Germany are more suitable
for comparison with the Virtasalmi deposits, be-
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zone or pallid zone). The kaolin horizon consists of 
kaolinite , quartz and variable amount of goethite or 
haematite.lt grades with depth into a coarse saprolite 
and unweathered parent rock (Bardossy and Aleva 
1990, Tardy 1992) . The diversity of present-day 
laterite profiles is due to variation in climate, par
ent rocks, topographic positions and hydrological 
regimes. The total thickness of saprolite including 
kaolin between bauxite and parent rock may be 100 
m. Coarse saprolite is thin in humid tropics, but 
thicker in arid and temperate regions, and thicker 
on acid than on basic rock. In a coarse saprolite 
kaolinite and smectite occur between rock frag
ments. The laterite profile can be truncated so that 
either bauxite or kaolin is missing . 

The kaolin profile of Virtasalmi resembles part 
of arecent laterite profile , although the bauxite 
cover is missing. In the present-day tropics , baux
ite with kaolin often developes on highlands ; kao
lin alone favours lowlands because the drainage of 
water is better on a hill than in a valley (Tardy and 
Roquin 1992). At Virtasalmi kaolin lies in valleys 
on a lowland and the weathering crust has been 
removed from the highlands. Gibbsite or boehmite 
are typical bauxite minerals,but they have not been 
detected from the Virtasalmi kaolin. The absence 
of bauxite minerals may be due to insufficient 
humidity , or insufficient fluctuation of groundwater 
level , or because the activity of silica has been too 
high in running water and so kaolinite has been 
more stable than gibbsite, wh ich may have been 
replaced by kaolinite (Millot 1970, Tardy 1992). 
The development of bauxite was generally uncom
mon during the Proterozoic (Sokolov and Heiskanen 
1984), or at least the evidence is rare. However, the 
kaolin profile at Virtasalmi corresponds moder
ately weIl to the lower part of recent laterites. 

In Australia, Gaskin (1969) has noticed three 
types of residual kaolinization : a) leaching in pallid 
zones under laterites , b) deep weathering in perme
able rocks in elevated areas, where the water table 
is far from the surface and c) intense leaching by 
acid groundwaters derived from brown coal depos
its or oxidizing sulphide bodies. At Virtasalmi 
cases a, band c (excluding brown coal) are all 
possible. 

A cIassic present-day example of tropical 
kaolinization is described by Murray et al. (1978) 
from Belitung Island, Indonesia, three degrees south 
of the equator in the Java Sea. Here, rainfall aver
ages 3000 to 3500 mm per year and the average 
temperature is 29°C. The island is a flat peneplain 
rising some 20 m above sea level. Since the Creta
ceous the area has been stable and favourable for 
deep tropical weathering. A porphyric biotite gran
ite ofTriassic age has altered into white kaolin. The 

weathering profile under a thin soil cover is 8 m 
thick. The white kaolin , consisting ofkaolinite and 
quartz ,with minor amounts of halloysite, gibbsite, 
K-mica and smectite, changes with depth into yel
low kaolin and darker clay and fi nally to fresh rock. 

As shown in Fig. 37, the chemical changes in the 
weathering profiles of Belitung and Eteläkylä are 
very similar. There is a complete removal of alka
line earths and alkalies and the amounts ofleached 
silica and iron are identical. The bleaching process 
in these two kaolins has been more intensive than 
in the kaol i ns of Central Europe and Fennoscandia, 
which are di scussed later in the text. 

Kaolins of Central Europe 

Several primary kaolins are exploited in Europe, 
many of them derived from arkosic sandstone, but 
some from granitoids, similar to the Virtasalmi 
rocks. 

The most extensive and numerous deposits are 
located on the Ukrainian shield and they formed 
during Mesozoic kaolinization of Pre-Cambrian 
granites and gneisses. The kaolinization depth 
ranges between 5 and 50 m, in fractures up to 65 m. 
Beneath the kaolin zone there is a 5-20 m hydromica 
zone, which is incompletely altered (Rusko 1978; 
Pickering et al. 1994). Kaolinite predominates (30-
50%) with variable amounts of quartz and mica and 
the intensity of kaolinization is weaker than at 
Virtasalmi . 

The Triassic arkose sandstones of Hirschau
Schnaittenbach near Weiden in Germany were 
kaolinized in situ soon after their deposition 
(Lippert et al. 1969; Köster 1980). The thickness of 
the kaolinized sandstones is 30-50 m and they are 
buried by sediments of Triassic, Jurassic and Cre
taceous age. Kaolin contains 10-20% kaolinite, 0-
12% feldspar, 1-2% mica and 76-80% quartz. Car
boniferous arkoses , arkosic sands tone and con
glomerates of the Pizen area in the Czech Republic 
were kaolinized during deposition and in Creta
ceous and Lower Tertiary (Kuzvart 1969, Störr et 
al. 1978) . The deposits are overlaid by sediments of 
Late Oligocene and Miocene age. The workable 
kaolin is 20-60 m thick, although the kaolinized 
arkose extends to depths of up to 200 m. The kaolin 
contains up to 30% (avg. 18.5%) washablekaolinite 
(Jininek et al. 1990). These large deposits have 
quite similar kaolinite contents and thicknesses to 
some deposits in Kainuu and Lapland , but do not 
correlate with the Virtasalmi deposits. 

The deposits of Karlovy Vary in the Czech Re
public and Caminau in Germany are more suitable 
for comparison with the Virtasalmi deposits, be-
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cause of granitoid parents. According to Kuzvart
(1969),the proven depth ofCretaceous to Paleogene
kaolinization on Variscan granites at Karlovy Vary
is 50 m. The top zone (I) of kaolin, composed of
kaolinite, illite, quartz, and muscovite, is 20-30 m
thick and all the feldspar has weathered. In zone II
orthoclase phenocrysts have been preserved in clay
matrix and in zone III unweathered cores of
orthoclase occur in the groundmass. The inferred
thickness of kaolin is smaller and partly kaolinized
zones are thicker than at Virtasalmi. The mass bal-
ance calculations based on analyses ofKuzvart(1969;
Table 1) are presented in Fig. 37. These indicate that
atKarlovy Vary only 367o of SiOr,43.57o of FerOr,n,
and 80%io KrO have been removed, which is only a

half of corresponding amounts at Eteläkylä.
One of the purest kaolin deposits in Continental

Europe is Caminau in eastern Germany. The
kaolinization of Lusatian granite took place during
a warm - humid climatic event from the Lower
Cretaceous to the uppermost Tertiary (Störr et al.
1969; Störr 1975b Störr 1983). The kaolin profile
of Caminau is composed of two zones. The kaolinite
zone, including white to grey kaolin, is l5 to 35 m
thick and consists of kaolinite (45-60Vo), quartz
(30-4O7o), and mica and siderite. The lower, three-
layered silicate zone is 5 ro 20 m thick and is
composed of green-coloured kaolins. The mass
balance calculations from chemical analyses show,
that26%o of SiOr,3O7o of F"rOr,o, andSlVo of KrO
have been removed from the parent rock during
kaolinization, which again indicates less intensive
alteration compared to Virtasalmi.

A Variscan granite is a host rock to extensive
kaolin deposits in Cornwall, southwestern Eng-
land. According to Bristow (1993), the deposits
formed in six stages: 1) intrusion of main batholith
of biotite granite rich with heat producing radioac-
tive elements (290 Ma), 2) early Sn-W-mineraliza-
tion and associated alteration (280 Ma), 3) intru-
sion of evolved Li-rich granites and associated Sn/
Cu mineralisation, tourmalinisation, greisenisation
and intrusion of felsitic dykes (265-275 Ma), 4)
cross-course faulting and mineralisation,
argillaceous alteration (240 Ma), 5 ) radiogenically
driven convective circulation of meteoric water
with main kaolinization (18O-present), 6) deep
Mesozoic - Paleogene weathering (180-20 Ma).

The vertical extent of kaolinization is at least
250 m, which is significantly greater than a typical
25-35 m thick weathering profile (Bristow 1977;
Bray and Spooner 1983). The kaolinite content in
altered granite is relatively low,l0-257o. Accord-
ing to Bray and Spooner, recalculation of
compositional data relative to constant Al,O. sug-
gest that 987o of Na. 887o ofCa, 59Vo ofFe,337o of
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K,277o of Siand277o of Mghavebeenremovedfrom
granite during kaolinization. A decrease of volume is
abott 30Vo, and 277o of all major components were
leached during kaolinization. The loss of potassium,
silicon, magnesium and iron has been considerably
smaller than in the Virtasalmi deposits, even though
the deposits of Cornwall formed as a result of com-
plex hydrothermal alteration and later weathering.

Kaolins of Fennoscandia

In Fennoscandia, there are only a few notewor-
thy kaolin deposits (Fig. 38). There are in addition
two bauxite deposits of Carboniferous age in nearby
Russian territory also indications about tropical
weathering (Patterson et al. 1986; Sirotin et al. 1988).

Kaolin has been quarried from the deposit of
Rpnne on the Island of Bornholm, Denmark. The
parent rock is Precambrian granodiorite. The de-
posit is largely in situ, some 10-30 m thick, and
partly overlaid by the Early Cretaceous sediments,
which consist of redeposited kaolin in the lower
part (Almeborg et al. 1969; Bondam 1967 ;Bondam
and Störr 1988). Kaolinite is the principal mineral,
along with quartz and microcline. The transition
zone between kaolin and granodiorite is only a few
tens of centimetres thick and dominated by smectite
and halloysite with rare kaolinite. The chemical
composition of the R6nne kaolin indicates that
kaolinization has been intense, 5O%o of silica and
85Vo of iron (FerO.) have been removed during the
kaolinization process (Fig. 37). Almeborg et al.
(1969) have proposed to that the kaolinization is
the result of drainage by mineral waters. The kaolin
deposits in the northeastern part of Scania, Sweden
are often overlaid by Upper Cretaceous sediments
and in central Scania by sandstones ofJurassic age
(Shaikh 1985). In the deposits, derived from gran-
ites, the Al2O3 content of the raw kaolin varies from
l7 to 20Eo and the iron content O.7-l.8Vo Fe
(Märtensson 1985). The kaolinite content of the
most promising Billinge deposit, is l5-407o and
kaolinite-altered profile varies in depth between 2-
30 metres (Wik 1996).

The kaolin occurrences of the Kola Peninsula are
mostly in faults. They are immature, as indicated by
their mineralogical composition (the major clay min-
erals are hydromica and kaolinite) and chemical com-
position, high iron (4-227o Fe"O.) and their alkali
contents (Pekkala and Yevzerov-1991). These de-
posits are probably Mesozoic, because there are
kaolinitic sediments of lower and middle Jurassic
age in offshore boreholes of South Barents depres-
sion (Yevzerov 1995).

Most kaolin deposits in Finland probably have
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cause of granitoid parents. According to Kuzvart 
(1969), the proven depth ofCretaceous to Paleogene 
kaolinization on Variscan granites at Karlovy Vary 
is 50 m. The top zone (I) of kaolin , composed of 
kaolinite, illite, quartz, and muscovite, is 20-30 m 
thick and all the feldspar has weathered. In zone II 
orthoclase phenocrysts have been preserved in clay 
matrix and in zone III unweathered cores of 
orthoclase occur in the groundmass. The inferred 
thickness ofkaolin is smaller and partly kaolinized 
zones are thicker than at Virtasalmi. The mass bal
ance calcu lati ons based on anal yses of Kuzvart (1969; 
Table 1) are presented in Fig . 37. These indicate that 
at Karlovy Vary only 36% of Si0

2
, 43.5 % ofFep31Ol 

and 80% K
2
0 have been removed , which is only a 

half of corresponding amounts at Eteläkylä. 
One of the purest kaolin deposits in Continental 

Europe is Caminau in eastern Germany. The 
kaolinization of Lusatian granite took pi ace during 
a warm - humid climatic event from the Lower 
Cretaceous to the uppermost Tertiary (Störr et al. 
1969; Störr 1975b; Störr 1983). The kaolin profile 
ofCaminau is composed of two zones. The kaolinite 
zone, including white to grey kaolin, is 15 to 35 m 
thick and consists of kaolinite (45-60%), quartz 
(30-40%), and mica and siderite. The lower, three
layered silicate zone is 5 to 20 m thick and is 
composed of green-coloured kaolin s. The mass 
balance calculations from chemical analyses show, 
that 26% of Si02 , 30% of Fep3l0l and 80% of Kp 
have been removed from the parent rock during 
kaolinization, which again indicates less intensive 
alteration compared to Virtasalmi. 

A Variscan granite is a host rock to extensive 
kaolin deposits in Cornwall, southwestern Eng
land. According to Bristow (1993), the deposits 
formed in six stages: 1) intrusion of main batholith 
of biotite granite rich with heat producing radioac
tive elements (290 Ma), 2) early Sn-W -mineraliza
tion and associated alteration (280 Ma), 3) intru
sion of evolved Li-rich granites and associated Snl 
Cu mineralisation, tourmalinisation , greisenisation 
and intrusion of felsitic dykes (265-275 Ma) , 4) 
cross-course faulting and mineralisation, 
argillaceous alteration (240 Ma) , 5) radiogenically 
driven convective circulation of meteoric water 
with main kaolinization (180-present), 6) deep 
Mesozoic - Paleogene weathering (180-20 Ma). 

The vertical extent of kaolinization is at least 
250 m, which is significantly greater than a typical 
25-35 m thick weathering profile (Bristow 1977; 
Bray and Spooner 1983). The kaolinite content in 
altered granite is relatively low, 10-25 %. Accord
ing to Bray and Spooner , recalculation of 
compositional data relative to constant Al

2
0 3 sug

gestthat 98% ofNa, 88% ofCa, 59% ofFe, 33% of 
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K, 27% of Si and 27% ofMg have been removed from 
granite during kaolinization. A decrease of volume is 
about 30%, and 27 % of all major components were 
leached during kaolinization. The loss of potassium, 
silicon, magnesi um and iron has been considerably 
smaller than in the Virtasalmi deposits, even though 
the deposits of Cornwall formed as a result of com
plex hydrothermal alteration and later weathering. 

Kaolins of Fennoscandia 

In Fennoscandia, there are only a few notewor
thy kaolin deposits (Fig. 38). There are in addition 
two bauxite deposits of Carboniferous age in nearby 
Russian territory also indications about tropical 
weathering (Patterson et al. 1986; Sirotin et al. 1988). 

Kaolin has been quarried from the deposit of 
Rl7.\nne on the Island of Bornholm, Denmark. The 
parent rock is Precambrian granodiorite. The de
posit is largely in situ, some 10-30 m thick, and 
partly overlaid by the Early Cretaceous sediments, 
which consist of redeposited kaolin in the lower 
part (Almeborg et al. 1969; Bondam 1967 ; Bondam 
and Störr 1988). Kaolinite is the principal mineral, 
along with quartz and microcline. The transition 
zone between kaolin and granodiorite is only a few 
tens of centimetres thick and dominated by smectite 
and haUoysite with rare kaolinite. The chemical 
composition of the Rl7.\nne kaolin indicates that 
kaolinization has been intense, 50% of silica and 
85 % of iron (Fe20 3) have been removed during the 
kaolinization process (Fig. 37). Almeborg et al. 
(1969) have proposed to that the kaolinization is 
the result of drainage by mineral waters. The kaolin 
deposits in the northeastern part of Scania, Sweden 
are often overlaid by Upper Cretaceous sediments 
and in central Scania by sandstones of Jurassic age 
(Shaikh 1985). In the deposits , derived from gran
ites, the Al

2
0 3 content ofthe raw kaolin varies from 

17 to 20% and the iron content 0 .7-1.8 % Fe 
(Martensson 1985). The kaolinite content of the 
most promising Billinge deposit, is 15-40% and 
kaolinite-altered profile varies in depth between 2-
30 metres (Wik 1996). 

The kaolin occurrences of the Kola Peninsula are 
mostly in faults. They are immature, as indicated by 
their mineralogical composition (the major clay min
erals are hydromica and kaolinite) and chemical com
position, high iron (4-22% Fep3) and their alkali 
contents (Pekkala and Yevzerov 1991) . These de
posits are probably Mesozoic , because there are 
kaolinitic sediments of lower and middle Jurassic 
age in offshore boreholes of South Barents depres
sion (Yevzerov 1995). 

Most kaolin deposits in Finland probably have 



formed in situ by weathering (Fig. 38). The kaolin
occurrences of mid-eastern and northern Finland
are generally smaller and have lower kaolinite
content than the deposits of Virtasalmi. This is due
to a low alumina content in feldspathic quartzites,
which are typical parent rocks of these kaolins. In
Kainuu, mid-eastern Finland, the kaolin occur-
rences on hillsides are covered by a glacial over-
burden only a few metres thick. The kaolin has
derived from Lower Proterozoic Jatulian rocks,

Geological Survey of Finland, Special Paper (in prep.)
Genesis and age of the Virtasalmi kaolin deposits, southeastern Finland

feldspathic sericite-quartzite and sericite schists
(Väyrynen 1929; Frosterus 1928; Laajoki 1975;
Venäläinen 1987; Pekkala and Sarapää 1989;
Niemelä and Pekkala in press). Kaolin is variable
in colour, up to 35 m thick, and usually it contains
5-20Vo kaolinite. The kaolinite content is highest in
the 5-10 m thick upper part of the weathering
profile, but rapidly decreases downwards while the
content of sericite, K-feldspar and goethite in-
creases. The kaolin has been preserved from ero-
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Fig. 38. Location of Fennoscandian kaolin and bauxite deposits and Meso- and Neoproterozoic sedimentary rocks. The
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formed in situ by weathering (Fig . 38) . The kaolin 
occurrences of mid-eastern and northern Finland 
are generally smaller and have lower kaolinite 
content than the deposits of Virtasalmi. This is due 
to a low alumina content in feldspathic quartzites, 
which are typical parent rocks of these kaolins. In 
Kainuu , mid-eastern Finland, the kaolin OCCUf

rences on hillsides are covered by a glacial over
burden only a few metres thick. The kaolin has 
deri ved from Lower Proterozoic J atulian rocks , 
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feld spathic sericite-quartzite and sericite schists 
(Väyrynen 1929; Frosterus 1928; Laajoki 1975; 
Venäläinen 1987; Pekkala and Sarapää 1989; 
Niemelä and Pekkala in press). Kaolin is variable 
in colour, up to 35 m thick, and usually it contains 
5-20% kaolinite. The kaolinite content is highest in 
the 5-10 m thick upper part of the weathering 
profile , but rapidly decreases downwards while the 
content of sericite, K-feldspar and goethite in
creases. The kaolin has been preserved from ero-
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sion in fractures (Venäläinen 1987; Niemelä and
Pekkala in press) or on the distal side of the hills in
relation to glacial drift (Marmo personal comm.).
These deposits represent a deeper section of a

weathering profile than those at Virtasalmi. This is
indicated by the frequent occurrence of sericite,
fine quartz and K-feldspar in the kaolin. Further,
the proportion of poorly kaolinized transition zone
in relation to kaolin is greater. In northern Finland
the greyish kaolin of the Siurunmaa deposit is
derived from Lower Proterozoic Lapponian arkose
and arkosic quartzite. The Siurunmaa deposit re-
sembles the deposits in Kainuu although its kaolinite
content (30-507o) is clearly higher, but much lower
than at Virtasalmi. The weathering reaches the
depth of over 90 m, but the transition zone, which
contains only a few percent kaolinite, forms one
third ofthe total thickness (Pekkala et al. in press).
In Savukoski and Kuusamo kaolin is generally only
a few m thick, variable in colour, low in kaolinite,
and mostly derived from sericite-quartzite. Al-
though the thickness of kaolin in Savukoski is
small, the gravity measurement shows that bedrock
is deeply disintegrated.

Apart from the above, small occurrences of kao-
hn in situ and kaolinitic weathering crusts have
been found in northern Finland at Muonio, Vuotso
and Kittilä (Hyyppä 1983; Pekkala and Sarapää
1989, Peuraniemi and Riajul Islam 1993). A thin
weathering crust, containing kaolinite and
halloysite, occurs in Ylivieska, western Finland
(Peuraniemi and Pulkkinen 1993).

Kaolinitic weathering also took place during
Paleoproterozoic. Marmo (1992) describes over
2.2 Ga old paleosol from Hokkalampi, eastern
Finland. This extensive paleosol was originally a

kaolinitic soil (max. 30Va AlrOr), up to 80 m thick,
metamorphosed into quartz-kyanite-andalusite
schist during the Svecofennian Orogeny 1.9 Ga
ago. Marmo (1992) suggested from the titania
normalized diagrams that alkalies and alkaline earth

metals have been almost completely removed, ex-
cept potassium, from the paleosol of an Archaean
granitoid. The loss of total iron is abott907o and
both FeO and FerO. were released during weather-
ing, which indicates reducing conditions. The main
difference between the Hokkalampi paleosol and
Virtasalmi kaolin is that there is much greater loss
of silica at Virtasalmi. However, this difference
may be due to the metamorphic alteration of the
paleosol at Hokkalampi.

The high amounts of sericite and K-feldspar, and
high iron content, characterized the kaolin deposits
of Kainuu and Lapland. They are less mature than
the Virtasalmi kaolins because they represent a
deeper erosion level. In addition, the transition
zone beneath the kaolin at Virtasalmi is generally
thin while in many other deposits it can be several
tens of metres. A thick transition zone beneath a

thin kaolin may indicate a less warm and humid of
paleoclimate. The kaolinization in northern Fin-
land is probably contemporary with the Kola de-
posits of Mesozoic age.

Concluding remarks

l) At Virtasalmi, in comparison to the other
deposits discussed here, kaolinization has been
deepest and alteration most effective, indicated by
removal of silica, iron and alkalies. The result is a
higher kaolinite content at Virtasalmi.

2) In Central Europe and Fennoscandia,
Mesozoic kaolinization has also been less intense
than Proterozoic kaolinization at Virtasalmi.

3) The products of chemical alteration on the
equatorial Island of Bejlung in tropical climate
with very high rainfall, are very similar to weather-
ing products at Virtasalmi.

4) At Virtasalmi, leaching of iron is similar to
that in the Paleoproterozoic paleosol of Hokkalampi,
which developed under a reducing atmosphere.

Mesoproterozoic conditions of kaolinization

Mesoproterozoic weathering conditions were dif-
ferent from those of the present day. The atmos-
phere was already aerobic, not yet fully developed,
and the partial pressure of oxygen was a magnitude
lower. Accordingly the partial pressure of CO, was
an order of magnitude higher than in the modern
atmosphere (Kasting 1987).

In the early stage of Sveconorwegian/Grenville
orogeny, about 1 .3-l.2Gaago, Baltica and Laurentia
were completely rifted from each other (Elming et
al. 1993; Windley 1995). Larsson and Tullborg
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(1993) suggest that in Fennoscandia the initial
rifting is represented by the post-Jotnian dolerites
(ca.1250 Ma). Rifting with the spreading of rhe sea
causes transgression (Windley 1995) and so ero-
sion on the peneplained continent was minimal (cf.
Stallard 1988). At the same time volcanic activity
apparently increased the CO, content of the atmos-
phere, which may have strengthened a greenhouse
effect.

The Fennoscandia was located 10 degrees south
from the Equator (Elming et al. 1993) and had a
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sion in fractures (Venäläinen 1987; iemelä and 
Pekkala in press) or on the distal side of the hills in 
relation to glacial drift (Marmo personal comm.) . 
These deposits represent a deeper section of a 
weathering profile than those at Virtasalmi. This is 
indicated by the frequent occurrence of sericite, 
fine quartz and K-feldspar in the kaolin. Further, 
the proportion of poody kaolinized transition zone 
in relation to kaolin is greater. In northern Finland 
the greyish kaolin of the Siurunmaa deposit is 
derived from Lower Proterozoic Lapponian arkose 
and arkosic quartzite. The Siurunmaa deposit re
sembles the deposits in Kainuu although its kaolinite 
content (30-50%) is clearly higher, but much lower 
than at Virtasalmi. The weathering reaches the 
depth of over 90 m, but the transition zone, which 
contains only a few percent kaolinite, forms one 
third of the total thickness (Pekkala et a1. in press). 
In Savukoski and Kuusamo kaolin is generally only 
a few m thick, variable in colour, low in kaolinite, 
and mostly derived from sericite-quartzite. Al
though the thickness of kaolin in Savukoski is 
smalI, the gravity measurement shows that bedrock 
is deeply disintegrated. 

Apart from the above, small occurrences of kao
lin in situ and kaolinitic weathering crusts have 
been found in northern Finland at Muonio, Vuotso 
and Kittilä (Hyyppä 1983; Pekkala and Sarapää 
1989, Peuraniemi and Riajul Islam 1993). A thin 
weathering crust , containing kaolinite and 
halloysite, occurs in Ylivieska, western Finland 
(Peuraniemi and Pulkkinen 1993). 

Kaolinitic weathering also took place during 
Paleoproterozoic. Marmo (1992) describes over 
2.2 Ga old paleosol from Hokkalampi, eastern 
Finland. This extensive paleosol was originally a 
kaolinitic soil (max. 30% AlP3)' up to 80 m thick, 
metamorphosed into quartz-kyanite-andalusite 
schist during the Svecofennian Orogeny 1.9 Ga 
ago. Marmo (1992) suggested from the titania 
normalized diagrams that alkalies and alkali ne earth 

metals have been almost completely removed, ex
ce pt potassium, from the paleosol of an Archaean 
granitoid. The loss of total iron is about 90% and 
both FeO and Fe

2
0

3 
were released during weather

ing, which indicates reducing conditions. The main 
difference between the Hokkalampi paleosol and 
Virtasalmi kaolin is that there is much greater loss 
of silica at Virtasalmi. However, this difference 
may be due to the metamorphic alteration of the 
paleosol at Hokkalampi. 

The high amounts of sericite and K-feldspar, and 
high iron content, characterized the kaolin deposits 
of Kainuu and Lapland. They are less mature than 
the Virtasalmi kaolins because they represent a 
deeper erosion level. In addition, the transition 
zone beneath the kaolin at Virtasalmi is generally 
thin while in many other deposits it can be several 
tens of metres. A thick transition zone beneath a 
thin kaolin may indicate a less warm and humid of 
paleoclimate. The kaolinization in northern Fin
land is probably contemporary with the Kola de
posits of Mesozoic age . 

Concluding remarks 

1) At Virtasalmi, in comparison to the other 
deposits discussed here, kaolinization has been 
deepest and alteration most effective, indicated by 
removal of silica, iron and alkalies. The result is a 
higher kaolinite content at Virtasalmi. 

2) In Central Europe and Fennoscandia, 
Mesozoic kaolinization has also been less intense 
than Proterozoic kaolinization at Virtasalmi. 

3) The products of chemical alteration on the 
equatorial Tsland of Bejlung in tropical climate 
with very high rainfall, are very similar to weather
ing products at Virtasalmi. 

4) At Virtasalmi, leaching of iron is similar to 
that in the Paleoproterozoic paleosol ofHokkalampi, 
wh ich developed under a reducing atmosphere . 

Mesoproterozoic conditions of kaolinization 

Mesoproterozoic weathering conditions were dif
ferent from those of the present day. The atmos
phere was already aerobic, not yet fully deveJoped, 
and the partial pressure of oxygen was a magnitude 
lower. Accordingly the partial pressure of CO

2 
was 

an order of magnitude higher than in the modern 
atmosphere (Kasting 1987). 

In the early stage of Sveconorwegian/Grenville 
orogeny, about 1.3-1.2 Ga ago, Baltica and Laurentia 
were completely rifted from each other (Elming et 
a1. 1993; Windley 1995). Larsson and Tullborg 
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(1993) suggest that in Fennoscandia the initial 
rifting is represented by the post-Jotnian dolerites 
(ca. 1250 Ma). Rifting with the spreading ofthe sea 
causes transgression (Windley 1995) and so ero
sion on the peneplained continent was minimal (cf. 
Stallal'd 1988). At the same time volcanic activity 
apparently increased the CO

2 
content of the atmos

phere, which may have strengthened a greenhouse 
effecL 

The Fennoscandia was located 10 degrees south 
from the Equator (Elming et a1. 1993) and had a 



very warm and humid climate (Frakes 1979); opti-
mal conditions for deep lateritic weathering in land
areas, which were probably rather limited in size. A
deep kaolinitic weathering crust was developed on
a peneplained land area and reached the deepest
level in permeable fractured zones.

In weathering the high COr-content of the
Mesoproterozoic atmosphere may have compen-
sated for the absence ofland plants (Berner 1992).
Rainwater absorbs CO, from air and forms car-
bonic acid (H2CO,), which reacts with carbonate
and silicate minerals and release ions. The flow rate
of subsurface water depends on the amount of
rainfall and affects the pH values in the weathering
profile. Thus, a smaller water amount means a

higher pH. The pH of percolating water is around 5

at the surface and about 8 at depth, as dissolved Mg,
Ca, Na, K from silicates increase pH. The rate of
solubility of silica is dependent on the temperature
and pH of the percolating water. When pH in-
creases (> 8), the solubility of silica increases
(Loughnan 1969).

At Virtasalmi leaching has been most effective.
Over a half of silica, including a considerable
amount of quartz, has been dissolved. Alternating
layers of acid and basic rocks; quartz-feldspar
gneiss, amphibolite and carbonate rock may have
caused considerable variations in pH. Liberation of
sulfate from oxidized sulfides and base cations
from the surrounding rocks may also have caused
variation of pH, thatpromotes the solution of quartz.

At Virtasalmi, an over JjVo loss of iron from
kaolin, compared to iron in the parent rock, indi-
cates that during kaolinization conditions have
been reducing. This is because iron is soluble in
reducing and very insoluble under oxidizing condi-
tions. Iron loss is as high as in the paleosols of
Lower Proterozoic. Before 2.2 Gathe oxygen con-
tent of the atmosphere was low and the removing of
soluble Fe2t was possible (Holland and Zbinden
1988). Between 2.2 Ga and 0.5 Ga, there has

probably been an oxidising atmosphere in which
Fe2* should have readily oxidized into unsoluble
Fe3*. Alternatively in younger soils covered by
land plants, ferric iron may oxidize organic matter
and reduces into the soluble ferrous iron. Reducing
weathering conditions are usually predominant
under the groundwater table.

At Virtasalmi the original low iron content of the
parent rock has been a factor that contributed to the
low iron content of the kaolin deposit; strong iron
loss both during and after kaolinization has been

another. The distribution of iron appears to follow
the local differences in the parent rock composition
so extremely white kaolin (natural brightness >
757o) has derived from quartz-feldspar gneiss or
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leucotonalite, forexample inthe deposits of Litmanen
and Eteläkylä. Where the kaolin is coloured oxidis-
ing conditions have prevailed, where it is white or
grey reducing conditions have prevailed. It was
noticed in kaolin developed on amphibolite (R529,
R53l), that white, almost pure, kaolin alternates
with coloured kaolin in vertical Iayers. However, in
some kaolin profiles, kaolin is coloured in the
upper part and becomes white with depth, or the
basal part is coloured and the upper part white.

At Vuorijoki, in some profiles, (R504, R510,
R574) there were reducing conditions during leach-
ing. These are indicated by primary and secondary
pyrite, incompletely weathered biotite and the lack
of goethite. White kaolin can change into coloured
goethite-rich or greenish grey weathered rock rich
in mica and smectite. Occasionally, iron has been
removed and precipitated in the basal part of the
weathering profile, however, in general, reducing
conditions have prevailed. At Litmanen and Eteläkylä,
where kaolinization has been most effective, low
iron, sulphide contents and slightly yellowish col-
our indicate that oxidation followed reduction.

In conclusion, the uneven distribution of iron is
a result of parent rock composition and of leaching
conditions, mainly the Eh and pH conditions of the
groundwater. Highly soluble ferrous iron leached
from kaolin or reprecipitated in other parts of
deposit depending on the local redox potential. The
redox potential was mainly determined by, first,
the oxygen content of atmosphere and, second, the
influence of microbiological activity during and
after kaolinization. High CO, of water and oxidis-
ing sulfides may also have promoted leaching of
ferric-iron in very acid conditions (pH<3).

Though kaolinite is the dominant clay mineral at
Virtasalmi, smectite occurs in the transition zone

of the weathering profile, where the parent rock
contains abundant mafic minerals, e.g. amphibole.
Under basic pH conditions there is also smectite in
an outer margin of the weathered area and at the
contact of dolomite. At an intermediate stage be-
fore kaolinite, smectite is an alteration product of
plagioclase and hornblende. It indicates weak leach-
ing under alkaline conditions (Kuzvart 1984) and,

though typical of a temperate zone, smectite forma-
tion in basal saprolite is not climate related (Tardy
1992). Illite is rare at Virtasalmi, but is an occa-
sional alteration product of biotite in kaolin de-
rived from mica gneiss. Illite forms when the flow
rate is low, the Si/Al ratio high and the pH basic.
Further leaching transforms it into kaolinite ex-
plaining its rarity.

There is no halloysite at Virtasalmi, although
some kaolinite has a similar tabular habit. It may
have been dehydrated to form kaolinite over time
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very warm and humid climate (Frakes 1979); opti
mal conditions for deep lateritic weathering in land 
areas , wh ich were probably rather limited in size. A 
deep kaolinitic weathering crust was developed on 
a peneplained land area and reached the deepest 
level in permeable fractured zones. 

In weathering the high CO
2
-content of the 

Mesoproterozoic atmosphere may have compen
sated for the absence of land plants (Berner 1992). 
Rainwater absorbs CO

2 
from air and forms car

bonic acid (H
2
C0

2
) , which reacts with carbonate 

and silicate minerals and release ions. The flow rate 
of subsurface water depends on the amount of 
rainfall and affects the pH values in the weathering 
profile. Thus , a smaller water amount means a 
higher pH. The pH of percolating water is around 5 
at the surface and about 8 at depth , as dissolved Mg, 
Ca, Na, K from silicates increase pH. The rate of 
solubility of silica is dependent on the temperature 
and pH of the percolating water. When pH in
creases (> 8) , the solubility of silica increases 
(Loughnan 1969). 

At Virtasalmi leaching has been most effective. 
Over a half of silica, including a considerable 
amount of quartz, has been dissolved. Alternating 
layers of acid and basic rocks; quartz-feldspar 
gneiss , amphibolite and carbonate rock may have 
caused considerable variations in pH . Liberation of 
sulfate from oxidized sulfides and base cations 
from the surrounding rocks mayaiso have caused 
variation of pH, that promotes the solution of quartz. 

At Virtasalmi , an over 70% loss of iron from 
kaolin, compared to iron in the parent rock, indi
cates that during kaolinization conditions have 
been reducing. This is because iron is soluble in 
reducing and very insoluble under oxidizing condi
tions. Iron loss is as high as in the paleosols of 
Lower Proterozoic . Before 2.2 Ga the oxygen con
tent of the atmosphere was low and the removing of 
soluble Fe2+ was possible (Holland and Zbinden 
1988) . Between 2.2 Ga and 0.5 Ga, there has 
probably been an oxidising atmosphere in which 
Fe2+ should have readily oxidized into unsoluble 
Fe3+ . Alternatively in younger soils covered by 
land plants , ferric iron may oxidize organic matter 
and reduces into the soluble ferrous iron. Reducing 
weathering conditions are usually predominant 
under the groundwater table . 

At Virtasalmi the originallow iron content ofthe 
parent rock has been a factor that contributed to the 
low iron content of the kaolin deposit ; strong iron 
loss both during and after kaolinization has been 
another. The distribution of iron appears to follow 
the local differences in the parent rock composition 
so extremely white kaolin (natural brightness > 
75%) has derived from quartz-feldspar gneiss or 

leucotonalite, forexample in the deposits ofLitmanen 
and Eteläkylä. Where the kaolin is coloured oxidi s
ing conditions have prevailed, where it is white or 
grey reducing conditions have prevailed. It was 
noticed in kaolin developed on amphibolite (R529, 
R531), that white, almost pure, kaolin alternates 
with coloured kaolin in verticallayers . However, in 
some kaolin profiles, kaolin is coloured in the 
upper part and becomes white with depth, or the 
basal part is coloured and the upper part white. 

At Vuorijoki , in some profiles, (R504, R510, 
R574) there were reducing conditions during leach
ing. These are indicated by primary and secondary 
pyrite , incompletely weathered biotite and the lack 
of goethite. White kaolin can change into coloured 
goethite-rich or greenish grey weathered rock rich 
in mica and smectite . Occasionally , iron has been 
removed and precipitated in the basal part of the 
weathering profile, however, in general, reducing 
conditions have prevailed . At Litmanen and Eteläky lä, 
where kaolinization has been most effective, low 
iron, sulphide contents and slightly yellowish col
our indicate that oxidation followed reduction. 

In conclusion, the uneven distribution of iron is 
a result of parent rock composition and of leaching 
conditions, mainly the Eh and pH conditions of the 
groundwater. Highly soluble ferrous iran leached 
from kaolin or reprecipitated in other parts of 
deposit depending on the local redox potential. The 
redox potential was mainly determined by, first , 
the oxygen content of atmosphere and, second, the 
influence of microbiological activity during and 
after kaolinization. High CO

2 
of water and oxidis

ing sulfides mayaiso have promoted leaching of 
ferric-iron in very acid conditions (pH<3). 

Though kaolinite is the dominant clay mineral at 
Virtasalmi , smectite occurs in the transition zone 
of the weathering profile, where the parent rock 
contains abundant mafic minerals, e .g. amphibole. 
Under basic pH conditions there is also smectite in 
an outer margin of the weathered area and at the 
contact of dolomite. At an intermediate stage be
fore kaolinite, smectite is an alteration product of 
plagioclase and hornblende. It indicates weak leach
ing under alkaline condi tions (Kuzvart 1984) and, 
though typical of a temperate zone , smectite forma
tion in basal saprolite is not climate related (Tardy 
1992). Illite is rare at Virtasalmi , but is an occa
sional alteration product of biotite in kaolin de
rived from mica gneiss . Illite form s when the flow 
rate is low, the Si/AI ratio high and the pH basic. 
Further leaching transforms it into kaolinite ex
plaining its rarity. 

There is no halloysite at Virtasalmi, although 
some kaolinite has a similar tabular habit. It may 
have been dehydrated to form kaolinite over time 
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and with pressure, which is a common feature
(Bärdossy and Aleva 1990).

The high kaolinite content, lack of other clay
minerals and solution of plenty of quartz all indi-
cate a warm and humid climate during kaolinization.
The low iron content of the kaolin indicates intense
leaching under reducing conditions. The fractured
rocks provided a good drainage system for the
circulatins water.

Intensive kaolinization occurred about 1180 Ma
ago when the Virtasalmi area was above sea level.
Kaolinization probably lasted at least l0-20 mil-
lion years and was most marked in the fractured
quartz-feldspar gneiss - amphibolite - carbonate
rock belt, where water moved freely. Although
climatic conditions clearly differed from those to-
day, the Virtasalmi kaolin profiles have many simi-
larities with modern equatorial laterites.

Preservation of the Virtasalmi kaolin deposits

It is normal that kaolin formed at Virtasalmi, and
elsewhere in Finland, in the warm-humid climate
that prevailed during, at least, the Mesoproterozoic,
Carboniferous and Mesozoic periods. It is, how-
ever, unusual that the kaolin survived subsequent
erosion.

During the Proterozoic, continual weathering
and erosion removed kaolin especially on the hills
where there were no protecting land plants. In the
valleys part of the kaolin remained intact.

Tectonic movements connected to either the
Sveconorwegian orogeny or the Iso-Naakkima
meteorite impact caused downwarping of the
Virtasalmi kaolin area. Part of the kaolin was eroded
and redeposited while sand, silt and clay covered
the rest. The Iso-Naakkima sediments, preserved in
a sunken impact structure and representing the only
evidence of kaolinitic sediments, once covered a

much larger area and, thus, protected the kaolin
from erosion over a very long period.

Although evidence is limited, Neoproterozoic
and younger sediments possibly covered a wide
area between Lake Ladoga and Muhos. This sedi-
mentary cover was still in place some 77 million
years ago, when the Lappajärvi impact crater formed
(Pipping 1992). In the Virtasalmi area, kaolins
were probably buried by sedimentary cover, that
completely inhibited Mesozoic and Early-Tertiary
kaolinization, widespread in other parts of Europe.

The Virtasalmi kaolins were preserved from ero-
sion in a downfaulted block under sedimentary
cover. Later erosion removed the sedimentary cover
and most of the kaolin, but the kaolin roots re-
mained. A consolidated ancient kaolinite-bearing
till bed also protected kaolin during the subsequent
glacial events.

CONCLUSIONS

The Virtasalmi kaolin deposits derive from
Svecofennian quartz-feldspar gneiss, mica gneiss,
amphibolite and tonalite. The parent rock type
controlled their mineralogy, geochemistry, bright-
ness and particle size. White kaolin mostly derived
from rocks low in mafic minerals.

Several factors indicate kaolin's residual origin:
I . the gradual transition ofkaolin to parent rock

with depth,
2. the preservation of the parent rock texture in

the kaolin,
3. the decrease of kaolinite with depth,
4. a mineral assemblage rich in kaolinite and

without diagnostic hydrothermal minerals (i.e.
dickite, nacrite and halloysite),

5. chemical changes in the Virtasalmi kaolin
profiles (such as complete removal of alkalies and
alkaline earth metals, considerable removal of silica.
exceptionally high release of iron and the relative
immobility of aluminium and titanium), that are typi-
cal of kaolinization in a warm and humid climate and

148

6. behaviour of REE elements similar to that in
recent weathering profiles elsewhere (i.e. HREE
depletion relative to LREE in kaolin and enrich-
ment in weathered rock at the bottom of the profiles).

At Virtasalmi, the important features in parent
rocks that promoted kaolinization were fractures,
steep schistosity and bedding, a suitable minera-
logical composition, and the presence of sulfides
and easily soluble carbonates.

Authigenic illite in the Litmanen kaolin gives a
K-Ar age of 1179+19 Ma. This age matches well
with the microfossil age (650-1000 Ma) and the
paleomagnetic age (900-1100 Ma, Järvelä et al.
1995) obtained from kaolinitic sediments at Iso-
Naakkima.

The Mesoproterozoic kaolin deposits at Virtasalmi
were possibly preserved , in a downfaulted block,
as deep valleys under Neoproterozoic sedimentary
cover. Faulting may have been related to the Iso-
Naakkima impact event or the Sveconorwesian
orogeny along the Raahe-Ladoga Suture.
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Appendix l. Appendix l/l

Chemical composition of Litrnanen raw kaolin, weathered rock and parent rock in drill cores R 501,
R 584. R 588

R 501 R 584 R 588

Depth 34.0 42.2 51.2 58.3 25.t 32.5 40.2 42.2 44.2 46.2 49.4 t9.3 29.7 41.0 49.1 s9.9

Leneth 2.00 2.00 2.80 1.30 2.80 3.202.002.002.002.402.00 2.50 2.55 2.50 2.00 3.15

RockWWWW
type

SiO2o/o 44.15 45.00 56.16 45.29

Tio2 2.t4 1.49 2.16 1.86

Al2o3 35.94 34.t0 27.03 29.94

Fe2O3 D .83 .64 .71 4.41

MnO .02 .01 .01 .01

MgO .15 .14 .09 .08

CaO .13 .17 .12 .12

NarO .03 .01 .01 .01

KrO .05 .08 .10 .25

PrO, .12 .13 .16 .13

H,O 14.81 14.49 I L03 12.14

46.92 47.61 54.19 54.62 49.19 58.69 65.96

r.25 1.53 1.05 l.l8 2.26 1.39 .64

3r.40 32.t7 25.80 22.45 24.99 19.36 16.65

2.13 l.9l 3.76 6.91 7.0s 6.78 5.51

.02 .02 .04 .06 .08 .09 .09

1.05 .83 2.46 2.70 3.35 2.23 l.s3

.46 .36 .16 .54 l.l0 .92 .60

.01 .00 .02 .00 .09 .81 r.46

.59 .45 1.38 2.3r 1.89 2.17 2-27

.4r .34 .17 .43 .69 .50 .14

14.20 14.10 10.40 8.61 9.58 6.51 4.s7

5t.52 55.81 51.98 56.29 61.36

2.ll 1.54 1.67 1.09 l. 16

31.02 28.70 30.55 28.48 24.53

1.09 .s2 .33 .34 .36

.03 .01 .02 .01 .00

.08 .01 .08 .08 .07

.07 .06 .09 .06 .0'l

.01 .01 .00 .00 .00

.19 .r7 .2t .24 1.30

.ll .ll .12 .10 .ll
13.40 t2.60 13.20 12.90 r0.70

TOTAL 98.41 96.25 97.s7 94.23 98.42 99.30 99.39 99.75 100.2 99.36 99.33 99.60 99.s9 98.23 99.s8 99.66

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

.13

624

379

t23

340

2'14

+z

I

)

5l

230

l8

83

JJ

'19

.20 .32 3.r7

634 637 708

22s lr0 172

132 99 24r

s98 268 523

3'19 216 388

40 40 40

415
ll t2 l0

57 82 30

r37 286 283

82224
60 65 97

47 38 32

79 80 58

.13 .16 .03 .09 .06 .30 .09

308 315 238 193 289 128 4r

319 292 243 92 r44 38 27

2r5 108 135 l0'1 68 64 68

129 184 46 72 113 25 7

180 186 r4s 307 20r 392 315

41 38 37 32 34 30 3l

2r 19 49 75 39 63 s7

6758144151
38 29 28 42 52 53 ',14

242 318 223 558 379 469 632

15 16 l7 29 37 44 45

158 l4l 290 553 485 596 51',1

41 35 28 63 46 61 t04

76 72 46 100 97 120 190

.01 .01 .09 .16 .l I

651 sl3 539 482 489

246 167 290 27r 60

66 38 103 106 90

443 282 59 287 64

126 r02 s24 29r 623

42 43 40 37 37

8310631
778625

26 30 26 28 42

t93 236 2s3 99 138

151919413
95 sl 70 8l 466

19 44 43 30 38

35 79 99 31 54

W : White kaolin
G : Grey kaolin
WR = Weathered rock
M : Mica gneiss

x) Total Fe calculated as Fe2O3

Appendix 1. Appendix 1/1 

Chernical cornposition of Litrnanen raw kaolin, weathered rock and parent rock in drill cores R 501, 
R 584, R 588 

R 501 

Depth 34.0 42.2 51.2 
(m) 

Length 2.00 2.00 2.80 
(m) 

Rock W W W 
type 

Si02% 44.15 45 .00 56.16 

Ti02 2.14 1.49 2.16 

AI2O, 35 .94 34.10 27.03 

Fe20 , X) .83 .64 .71 

MnO .02 .01 .01 

MgO .15 .14 .09 

CaO .13 .17 .12 

Na20 .03 .01 .01 

K20 .05 .08 .10 

P20 S .12 .13 .16 

H20 14.87 14.49 11.03 

TOTAL 98.41 96.25 97 .57 

S .13 .20 .32 

Vppm 624 634 637 

Cr 379 225 110 

Ni 123 132 99 

Cu 340 598 268 

Zn 274 379 216 

Ga 42 40 40 

Rb I 4 I 

Sr 5 11 12 

Y 51 57 82 

Zr 230 137 286 

Nb 18 8 22 

Ba 83 60 65 

La 33 47 38 

Ce 79 79 80 

W = White kaolin 
G = Grey kaolin 
WR = Weathered rock 
M = Mica gneiss 

58.3 

1.30 

W 

45 .29 

1.86 

29.94 

4.41 

.01 

.08 

.12 

.01 

.25 

.13 

12.14 

94.23 

3.17 

708 

172 

241 

523 

388 

40 

5 

10 

30 

283 

24 

97 

32 

58 

x) Total Fe calculated as Fe2ü 3 

25 .1 32.5 40.2 

2.80 2.00 2.40 

W W W 

46.92 47.61 54.19 

1.25 1.53 1.05 

31.40 32.17 25 .80 

2.13 1.91 3.76 

.02 .02 .04 

1.05 .83 2.46 

.46 .36 .16 

.01 .00 .02 

.59 .45 1.38 

.41 .34 .17 

14.20 14.10 10.40 

98.42 99.30 99.39 

.13 .16 .03 

308 315 238 

319 292 243 

215 108 135 

129 184 46 

180 186 145 

41 38 37 

21 19 49 

6 7 5 

38 29 28 

242 318 223 

15 16 17 

158 141 290 

41 35 28 

76 72 46 

R 584 R 588 

42.2 44.2 46.2 49.4 19.3 29.7 41.0 49.1 59.9 

2.00 2.00 2.00 3.20 2.50 2.55 2.50 2.00 3.15 

G WR WR M W W W W W 

54 .62 49.19 58.69 65 .96 51.52 55.81 51 .98 56.29 61.36 

1.18 2.26 1.39 .64 2.11 1.54 1.67 1.09 1.16 

22.45 24.99 19.36 16.65 31.02 28.70 30.55 28 .48 24.53 

6.91 7.05 6.78 5.51 1.09 .52 .33 .34 .36 

.06 .08 .09 .09 .03 .01 .02 .01 .00 

2.70 3.35 2.23 1.53 .08 .07 .08 .08 .07 

.54 1.10 .92 .60 .07 .06 .09 .06 .07 

.00 .09 .81 1.46 .01 .01 .00 .00 .00 

2.31 1.89 2.17 2.27 .19 .17 .21 .24 1.30 

.43 .69 .50 .14 .11 .11 .12 .10 .11 

8.61 9.58 6.51 4.57 13.40 12.60 13.20 12.90 10.70 

99.75 100.2 99.36 99.33 99.60 99.59 98 .23 99.58 99.66 

.09 .06 .30 .09 .01 .01 .09 .16 .11 

193 289 128 41 651 513 539 482 489 

92 144 38 27 246 167 290 271 60 

107 68 64 68 66 38 103 106 90 

72 113 25 7 443 282 59 287 64 

307 201 392 315 126 102 524 291 623 

32 34 30 31 42 43 40 37 37 

75 39 63 57 8 3 10 6 31 

8 14 41 51 7 7 8 6 25 

42 52 53 74 26 30 26 28 42 

558 379 469 632 193 236 253 99 138 

29 37 44 45 15 19 19 4 13 

553 485 596 517 95 51 70 81 466 

63 46 61 104 19 44 43 30 38 

100 97 120 190 35 79 99 31 54 



Appendix I continued. Appendix 1/2

Chemical composition of Litmanen raw kaolin, weathered rock and parent rock in drill core R 529

R 529

Depth (m) 14.4 19.0 26.0 36.5 43.0 45.0 47.5 52.5 6s.7 73.0 78.6 83.3 84.0 85.6 86.4 88.7

Length (m) 1.25 2.00 2.20 2.80 2.00 2.00 2.45 5.05 8.20 1.30 3.30 3.00 .70 1.60 .80 2.30

Rocktype W W W W C WR WR C C W W W WR A A A

sio, % 43j3 42.9s 43.96 48.68 42.s8 40.24 36.37 4r.32 56.91 47.s6 47.48 54.85 50.79 58.88 59.01 56.69

Tio2 2.73 4.06 2.2r 3.00 3.48 2.62 2,46 2.78 r.57 2.5s 2.0'l 1.58 233 1.85 1.86 2.r8

At2o3 34.00 34.36 34.rr 3t.89 29.26 26.96 23.73 28.21 23.59 32.66 31.57 29.30 22.05 16.28 16.64 15.24

FeO .06 .21 .30 .43 .21 .63 .26 .84 1.54 3.24 3.t7 5.r4

Fe2O3 D .52 .68 1.07 1.03 5.14 9.85 15.93 9.'18 5.31 1.07 2.'13 .78 6.82 4.61 2.71 3.78

MnO

Mgo

CaO

Na20

Kro

PtOt

HrO

.00 .01 .00 .01 .02 .02 .02 .03 .01 .01 .02 .01 .06 .08 .05 .09

.09 .10 .10 .10 .22 .31 .32 .19 .07 .07 .14 .09 .70 2.12 1.72 2.84

.r2 .16 .r2 .ll .4t .51 .55 .23 .08 .06 .t7 .07 .32 3.04 4.25 5.45

.01 .03 .03 .00 .01 .00 .01 .01 .03 .00 .13 .03 .13 2.73 3.70 3.79

.10 .10 .08 .06 .r2 .l |.lo .10 .19 .04 .14 .10 .25 .86 .82 .84

.27 .45 .33 .39 .53 .57 .70 .47 .25 .22 .17 .16 .56 .7r .68 .s6

15.10 t5.30 14.90 13.50 14.90 15.60 15.90 14.50 9.75 13.70 12.50 l1.70 10.80 4.41 2.97 2.r2

TOTAL 96.74 98.42 96.90 99.09 96.65 97.25 96.30 98.29 98.04 98.86 97.10 98.66 96.46 99.09 97.88 99.20

S

V ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

.02

s64

324

124

l6l

l9

43

4

22

35

340

45

156

JJ

87

.03

482

269

180

t22

76

39

2

135

3l

432

4l

177

58

t42

.01

501

661

392

399

434

30

6

51

't5

295

28

l3l

48

t52

.l I

492

167

9l

235

r77

45

I

62

39

398

33

292

54

135

.01.05 .01 r.20

462 226

433 96

184 99

263 182

220 52

33 3l

4l
2t 40

62 26

314 433

30 28

59 324

30 55

75 88

.08 .01 .01 .01 .01

241 t46 186 316

2211822
403 936 631 190

t25 80 61 158

ll75 960 675 267

37 31 26 19

19 23 16 t4

21 205 231 236

249 42 33 42

555 406 382 293

44 37 35 32

158 259 265 217

82 47 48 37

207 79 83 72

W : White kaolin
C : Coloured kaolin
WR : Weathered rock
A : Amphibolite
x) When FeO is missing, total Fe calculated Fe2O3

Appendix 1 continued. Appendix 1/2 

Chemical composition of Litmanen raw kaolin, weathered rock and parent rock in drill co re R 529 

R 529 

Depth (m) 14.4 19.0 26.0 36.5 43 .0 45.0 47.5 52.5 65 .7 73.0 78.6 83.3 84.0 85.6 86.4 88 .7 

Length (m) 1.25 2.00 2.20 2.80 2.00 2.00 2.45 5.05 8.20 1.30 3.30 3.00 .70 1.60 .80 2.30 

Rock type W W W W C WR WR C C W W W WR A A A 

SiO,% 43 .73 42.95 43 .96 48.68 42.58 40.24 36.37 41.32 56.91 47 .56 47.48 54 .85 50.79 58.88 59.01 56.69 

TiO, 2.73 4 .06 2.21 3.00 3.48 2.62 2.46 2.78 1.57 2.55 2.07 1.58 2.33 1.85 1.86 2.18 

AI ,O, 34 .00 34 .36 34 .11 31.89 29.26 26.96 23 .73 28.21 23.59 32.66 31.57 29.30 22 .05 16.28 16.64 15 .24 

FeO 

Fe,O, Xl 

MnO 

MgO 

CaO 

Na,O 

K,O 

P,o, 

.06 

.52 

.00 

.09 

.12 

.01 

.10 

.27 

.2 1 .30 .43 .21 .63 .26 .84 

.68 1.07 1.03 5.14 9.85 15.93 9.78 5.31 1.07 2.73 

.0 1 

.10 

. 16 

.03 

.10 

.45 

.00 

.10 

.12 

.03 

.08 

.33 

.01 

.10 

. 11 

.00 

.06 

.39 

.02 

.22 

.41 

.01 

.12 

.53 

.02 

.31 

.51 

.00 

.11 

.57 

.02 

.32 

.55 

.01 

.10 

.70 

.03 

.19 

.23 

.01 

.10 

.47 

.01 

.07 

.08 

.03 

.19 

.25 

.01 

.07 

.06 

.00 

.04 

.22 

.02 

.14 

.17 

.13 

.14 

.17 

1.54 3.24 3.17 5.14 

.78 6.82 4.61 2.71 3.78 

.01 

.09 

.07 

.03 

.10 

.16 

.06 .08 .05 .09 

.70 2.12 1.72 2.84 

.32 3.04 4.25 5.45 

.13 2.73 3.70 3.79 

.25 .86 .82 .84 

.56 .71 .68 .56 

H,O 15.10 15 .30 14.90 13 .50 14.90 15 .60 15.90 14.50 9.75 13.70 12.50 11.70 10.80 4.41 2.97 2.12 

TOTAL 96.74 98.42 96.90 99.09 96.65 97.25 96.30 98.29 98.04 98.86 97.10 98 .66 96.46 99.09 97 .88 99.20 

S 

V ppm 

Cr 

Ni 

Cu 

Zn 

Ga 

Rb 

Sr 

y 

Zr 

Nb 

Ba 

La 

Ce 

.02 

564 

324 

124 

161 

19 

43 

4 

22 

35 

340 

45 

156 

33 

87 

.05 

W = White kaolin 

.05 

C = Coloured kaolin 
WR = Weathered rock 
A = Amphibolite 

.03 

482 

269 

180 

122 

76 

39 

2 

135 

31 

432 

41 

177 

58 

142 

.05 .01 

501 

661 

392 

399 

434 

30 

6 

51 

75 

295 

28 

131 

48 

152 

.01 .01 1.20 .11 

462 226 492 

433 96 167 

184 99 91 

263 182 235 

220 52 177 

33 31 45 

4 

21 40 62 

62 26 39 

314 433 398 

30 28 33 

59 324 292 

30 55 54 

75 88 135 

x) When FeO is missing, total Fe ca1culated Fe2Ü) 

.14 .08 .01 .01 .01 .01 

241 146 186 3 16 

22 11 8 22 

403 936 631 190 

125 80 61 158 

1175 960 675 267 

37 31 26 19 

19 23 16 14 

21 205 231 236 

249 42 33 42 

555 406 382 293 

44 37 35 32 

158 259 265 217 

82 47 48 37 

207 79 83 72 



Appendix 1 continued. Appendix l/3

Chemical composition of Litmanen raw kaolin, weathered rock and parent rock in drill core R 531

R 531

Depth (m) 22.s 26.6 34.4 40.8 45.3 47.4 48.0 48.7 49.4 s3.7 s6.7 6l.1 79.4 82.3 83.4 85.2

Length (m) 3.15 2.00 2.05 3.10 1.20 1.00 .65 .65 70 4.3s 1.05 1.50 2.s5 2.95 l.l0 t.1s

Rock type

sioroÄ

Tio,

Al2o3

FeO

Fe2Or tot

MnO

Mgo

CaO

NarO

KrO

Prot

Hto

WCCWRWRWRWRWRAAWR
48.29 44.03 39.25 39,86 42.26 38.1s 32.67 45.06 41.36 43.30 36.53

3.t2 2.90 3.00 2.36 2.61 1.36 1.30 1.77 1.86 r.77 3.25

26.70 32.rs 3r.42 29.87 22.84 20.50 17.46 16.86 16.18 l6.ls 24.32

r.02 .37 .16 .26 1.22 .20 2.12 10.83 13.11 10.94 .12

2.84 4.s8 8.42 9.93 9.1r 2r.75 25.07 3.00 2.34 2.10 14.77

.02 .01 .04 .04 .08 .09 .12 .40 .58 .40 .07

.19 .09 .10 .07 .35 .19 l.9l 2.69 3.48 4.33 .41

.25 .10 .l I .r2 2.s2 .64 2.99 6.12 9.29 10.47 .68

.04 .01 .01 .02 1.76 .17 .54 3.22 2.72 2.59 .12

.23 .08 .09 .07 .10 .22 .18 .27 .37 " .30 .2r

.36 .41 .44 .45 .57 .48 .56 .60 .63 .44 .39

11.90 13.90 14.80 14.60 11.90 14.10 12.90 3.31 2.32 2.5s 17.50

WC
50.46 48.17

1.83 2.41

29.3t 28. l I

1.00 .21

l.3l 4.79

.04 .04

.16 .r3

.18 .14

.01 .04

.18 .15

.16 .27

13.40 12.70

CWRA
41.42 40.83 43.86

4.54 3.t2 t.79

29.00 26.40 15.62

1.20 .61 9.55

5.55 8.32 3.52

.05 .04 .23

.17 .40 5.67

.18 1.85 ll.2l

.00 .ll l.8l

.13 .21 .42

.t7 .50 .42

13.80 15.20 3.10

TOTAL 9s.05 98.66 97.82 97.64 95.35 97.78 97.94 94.94 9s.r2 96.16 98.31 98.11 97.r4 96.29 97.62 98.03

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

.98

487

301

583

139'l

s35

36

8

86

60

ff/

4l

60'l

7l

r67

.03

544

478

109

118

69

43

75

2l

381

56

t1')

60

.02

540

506

190

231

79

40

7

l3

9

328

40

93

25

66

.01

4t9

408

258

256

95

40

4

28

l5

376

39

129

50

101

.01

469

r28

572

177

77s

37

)

254

87

279

26

234

53

.01

588

465

237

212

206

JJ

5

39

35

278

58

195

35

93

.01

400

2s8

127

106

63

34

56

t2

368

48

232

4'l

106

.03

273

435

185

l5'7

200

20

8

275

JI

l9l

l6

156

4l

70

.010l.01.35.01 .26 .r2

232 308

198 34r

228 267

106 128

209 190

2t 2l

66
27t 349

31 26

218 r70

28 2'l

340 187

28 3'l

W : White kaolin
C : Coloured kaolin
'WR : Weathered rock
A : Amphibolite

Appendix 1 continued. Appendix 1/3 

Chemical composition of Litmanen raw kaolin, weathered rock and parent rock in drill core R 531 

R531 

Depth (m) 22.5 26.6 34.4 40.8 45.3 47.4 48.0 48.7 49.4 53.7 56.7 61.1 79.4 82.3 83.4 85 .2 

Length (m) 3.15 2.00 2.05 3.10 1.20 1.00 .65 .65 .70 4.35 1.05 1.50 2.55 2.95 1.1 0 1.75 

Rock type W C C WR WR WR WR WR A A WR W C C WR A 

SiO,% 48.29 44.03 39.25 39.86 42.26 38.15 32.67 45.06 41.36 43.30 36.53 50.46 48.17 41.42 40.83 43.86 

TiO, 3.12 2.90 3.00 2.36 2.61 1.36 1.30 1.77 1.86 1.77 3.25 1.83 2.4 1 4.54 3.12 1.79 

A1,OJ 26.70 32.15 31.42 29.87 22.84 20.50 17.46 16.86 16.18 16.15 24.32 29.31 28 .11 29.00 26.40 15 .62 

FeO 1.02 .37 .16 .26 1.22 .20 2.12 10.83 13 .11 10.94 .12 1.00 .21 1.20 .6 1 9.55 

Fe,OJ tot 2.84 4.58 8.42 9.93 9.11 21.75 25.07 3.00 2.34 2.10 14.77 1.31 4.79 5.55 8.32 3.52 

MnO 

MgO 

CaO 

Na,O 

K,O 

.02 

.19 

.25 

.04 

.23 

.36 

.01 

.09 

.10 

.01 

.08 

.41 

.04 

.10 

.11 

.01 

.09 

.44 

.04 

.07 

.08 

.35 

.12 2.52 

.02 1.76 

.07 .10 

.45 .57 

.09 .12 .40 .58 .40 

.19 1.91 2.69 3.48 4.33 

.64 2.99 6.12 9.29 10.47 

.17 

.22 

.48 

.54 3.22 2.72 2.59 

.18 .27 .37 . . 30 

.56 .60 .63 .44 

.07 

.41 

.68 

.12 

.2 1 

.39 

.04 

.16 

.18 

.01 

.18 

.16 

.04 

.13 

.14 

.04 

.15 

.27 

.05 

.17 

.04 .23 

.40 5.67 

.18 1.85 11.21 

.00 

.13 

.17 

.11 1.81 

.21 .42 

.50 .42 

H,O 11.90 13.90 14.80 14.60 11.90 14.10 12.90 3.31 2.32 2.55 17.50 13.40 12.70 13.80 15.20 3.1 0 

TOTAL 95.05 98.66 97.82 97.64 95.38 97.78 97.94 94.94 95.12 96.16 98.31 98.11 97.14 96.29 97.62 98.03 

S 

V ppm 

Cr 

Ni 

Cu 

Zn 

Ga 

Rb 

Sr 

y 

Zr 

Nb 

Ba 

La 

Ce 

.98 .03 .02 .01 .01 

487 544 540 419 469 

301 478 506 408 128 

583 109 190 258 572 

1397 118 231 256 177 

535 69 79 95 775 

36 43 40 40 37 

8 4 7 4 5 

86 75 13 28 254 

60 21 9 15 87 

557 381 328 376 279 

41 56 40 39 26 

607 172 93 129 134 

71 60 25 50 53 

167 126 66 101 104 

W = White kaolin 
C = Coloured kaolin 
WR = Weathered rock 
A = Amphibolite 

.01 .0 1 .35 .26 .12 .0 1 .01 

232 308 588 

198 341 465 

228 267 237 

106 128 212 

209 190 206 

21 21 33 

6 6 5 

271 349 39 

31 26 35 

218 170 278 

28 27 58 

340 187 195 

28 37 35 

72 78 93 

.01 

400 

258 

127 

106 

63 

34 

56 

12 

368 

48 

232 

47 

106 

.01 .0 1 .03 

273 

435 

185 

157 

200 

20 

8 

275 

31 

191 

16 

156 

41 

70 



Appendix I continued. Appendix 1/4

Chemical composition of Litmanen raw kaolin, weathered rock and parent rock in drill cores R 188,
R 522,
R 537 and R 669

R 188 R 522 R 537 R 669

51.8 68.860.952.437.612.8 37.6 46.429.520.912.8 39.s 79.5 87.5 100.365.523.5

Lenglh 2.00 1.90 1.80 2.20 l.90 2.00 2.00 3.50 2.10 t.70 2.00 2.00 4.00 2.00 1.90 6.80

Rocktype a
sio, % 72.00

Tio2 .19

Al2o3 15.70

FeO

FerO3D 2.02

MnO .00

MgO .62

CaO 2.60

NarO 5.21

KrO .43

PrO, .05

HrO

wwwcc
48.42 50.03 52.25 47.54 48.29

1.84 1.76 2.20 1.82 t.66

33.01 33.17 31.31 33.73 31.10

1.69 .59

.00 .00

.24 .l'l

.25 .08

.06 .01

.34 .33

.20 .23

11.55 ll.8l

2.75 4.76

.00 .00

.24 .41

.09 .13

.00 .00

.27 .44

.2t .20

13.07 I1.82

I .15

.00

.t'1

.09

.00

.28

.30

9.83

wwwww
61.98 71.93 73.40 74.47't3.65

1.00 .45 .24 34 .28

24.60 t7.58 17.06 16.62 15.31

.23 .1r .31 .39 t.57

.00 .00 .00 .00 .02

.10 .10 .08 .09 .33

.06 .04 .02 .03 .10

.01 .02 .07 .03 .42

.57 .55 2;t3 1.82 2.96

.l I .10 .09 .09 .09

10.00 7.00 5.50 5.70 4.70

wwwwcw
67.91 53.s0 74.88 74.90 62.26 s9.s3

.83 1.98 .s4 .50 1.04 t.2'l

22.01 3r.20 17.79 18.12 23.05 26.92

.30 .32 ,r7 .30 .30 .33

.r7 .60 .09 .00 2.6r .63

.01 .01 .00 .00 .00 .00

.l l .09 .07 .06 .09 .09

.12 .06 .03 .02 .05 .05

.07 .00 .00 .00 .00 .00

.48 .09 .39 .37 .24 .61

.t2 .22 .r2 .l I .39 .09

'1.90 12.40 6.30 6.70 9.60 10.20

TOTAL 98.82 97.60 98.18 97.58 99.72 98.81 98.66 97.88 99.50 99.58 99.43 99.72 100.1 100.2 100.8 99.33 99.39

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

,05 .17.13 .06 .16 .05 .03 .01 .01 .01 .02 .12

r2t 324 51 43 376 239

54 193 35 31 143 r29

ll t4 2t 34 39 48

ll 30 t4 102 152

19 28 l8 22 24 22

29 39 28 31 38 33

93s3925
18677818130
26 30 29 28 63 2s

435 345 468 497 323 292

30 23 43 44 30 28

103 24t 78 77 879 295

5s 52 79 7r s36 28

76 93 124 104 839 45

W : White kaolin
C : Coloured kaolin
a : Quartz-feldspar gneiss
x) When FeO is missing, total Fe calculated Fe2O3

Appendix 1 continued. Appendix 1/4 

Chemical composition of Litmanen raw kaolin, weathered rock and parent rock in drill cores R 188, 
R522, 
R 537 and R 669 

R 188 R 522 R 537 R 669 

Depth (m) 51.8 12.8 37 .6 52.4 60.9 68.8 12.8 20.9 29.5 37.6 46.4 23 .5 39.5 65 .5 79.5 87.5 100.3 

Length 2.00 1.90 1.80 2.20 1.90 2.00 2.00 3.50 2.10 1.70 2.00 2.00 4.00 2.00 1.90 6.80 
(m) 

Rock type Q W W W C C W W W W W W W W W C W 

Si02 % 72.00 48.42 50.03 52.25 47.54 48.29 61.98 71.93 73.40 74.47 73.65 67.91 53.50 74.88 74.90 62.26 59.53 

Ti02 .19 1.84 1.76 2.20 1.82 1.66 1.00 .45 .24 34 .28 .83 1.98 .54 .50 1.04 1.27 

AI2O, 15 .70 33.01 33. 17 31 .31 33 .73 31.10 24.60 17.58 17.06 16.62 15.31 22.01 31.20 17.79 18.12 23.05 26.92 

FeO .30 .32 .17 .30 .30 .33 

Fe20 , X) 2 .02 1.69 .59 1.1 5 2.75 4.76 .23 .11 .31 .39 1.57 .17 .60 .09 .00 2.6 1 .63 

MnO .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .02 .0 1 .0 1 .00 .00 .00 .00 

MgO .62 .24 .17 .17 .24 .41 .10 .10 .08 .09 .33 .11 .09 .07 .06 .09 .09 

CaO 2.60 .25 .08 .09 .09 .13 .06 .04 .02 .03 .10 . 12 .06 .03 .02 .05 .05 

Na20 5.2 1 .06 .0 1 .00 .00 .00 .01 .02 .07 .03 .42 .07 .00 .00 .00 .00 .00 

K20 .43 .34 .33 .28 .27 .44 .57 .55 2.73 1.82 2.96 .48 .09 .39 .37 .24 .6 1 

P 20 , .05 .20 .23 .30 .2 1 .20 .11 .10 .09 .09 .09 .12 .22 .12 .11 .39 .09 

H20 11.55 11.8 1 9.83 13 .07 11.82 10.00 7.00 5.50 5.70 4.70 7.90 12.40 6.30 6.70 9.60 10.20 

TOTAL 98 .82 97 .60 98. 18 97.58 99.72 98.8 1 98.66 97.88 99.50 99.58 99.43 99.72 100. 1 100.2 100.8 99.33 99.39 

S .05 .05 .05 .05 .05 .13 .06 .16 .05 .17 .03 .01 .01 .01 .02 .12 

Vppm 121 324 51 43 376 239 

Cr 54 193 35 31 143 129 

N i II 14 21 34 39 48 

Cu 11 30 14 102 152 

Zn 19 28 18 22 24 22 

Ga 29 39 28 3 1 38 33 

Rb 9 3 5 3 9 25 

Sr 18 67 7 8 18 1 30 

Y 26 30 29 28 63 25 

Zr 435 345 468 497 323 292 

Nb 30 23 43 44 30 28 

Ba 103 241 78 77 879 295 

La 55 52 79 71 536 28 

Ce 76 93 124 104 839 45 

W = White kaolin 
C = Coloured kaolin 
Q = Quartz-feldspar gneiss 
x) When FeO is missing, total Fe ca1culated Fe20 3 



Appendix 2.

Chemical composition of Ukonkangas raw kaolin and parent rocks in drill cores R 382, R 384,
R 385 and R 654.

R 382 R 384 R 385 R 654

(m) 20.s 32.3 43.0 49.7 21.5 30.9 37.3 53.6 34.8 44.8 48.7 s6.0 68.9 80.6 81.7

Length 1.00 1.00 1.00 |.20 1.00 5.00 3.40 1.40 5.00 4.00 3.90 1.000.951.001.00

RocktypeWWWW
sio, % 45.50 41.50 45.30 43.90

Tio, 2.63 2.88 1.77 3.10

Al2o3 35.50 32.90 30.60 36.00

FeO

FerO, tot .72 .73 .48 1.37

MnO .01 .01 .01 .01

MgO .04 .04 .03 .0s

CaO .18 .12 .r4 .13

NatO .03 .00 .05 .00

KrO .39 .40 l.l9 .40

PrO, .17 .14 . t I .l 8

H,O t4.6t 20.81 20.11 14.51

ww
67.30 60.20

.28 .32

20.50 20.40

.86 1.86

.01 .02

.ll 1.43

.08 .45

.01 .67

2.06 3.17

.02 .09

14.50 I1.00

wa
47.90 65.86

1.66 .21

22.70 16.17

.85

4.74 .97

.02 .02

.70 2.t8

2.53 3.72

.87 4.45

2.50 t.70

1.25 .14

t4;10 1.42

www
64.60 6s.90 66.30

.41 .19 .20

24.10 2r.20 21.10

.45 1.34 l.l5

.01 .02 .02

.05 .41 .48

.06 1.64 1.36

.00 2.22 1.78

.92 1.77 1.88

.05 .09 .12

.20 4.90 5.30

TTAA
67.47 63.19 47.55 47.4s

.43 .55 1.24 t.26

16.28 16.42 15.12 14.ls

4.26 l 1.96 t2.18

.10 .20 .18

t.t2 6.55 7.36

2.89 7.35 6.71

4.31 2.90 2.75

2.49 1.64 r.4r

.25 .40 .57

l.4t 4.33 5.97

3.53

.0't

.99

3.01

4.71

2.83

.19

.97

TOTAL 99.78 99.54 99.78 99.6s 100.1 100.0 100.0 97.78 99.8s 99.68 99.68 100.4 96.89 99.04 99.81

S

v ppm

Cr

Ni

Cu

Zn

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

.03 .05 .07 .01

610 740 370 750

520 720 240 470

40 130 100 60

90 220 130 s0

130 3s0 2s0 90

230 170 180 l0

70 70 130 240

80l0

.07 .03 .r2

60 200 270

20 20 180

30 40 180

90 70 150

240 lr0 350

40 100

120 160 240

970 1060 930

.61 .01 .00 .00

70 30 30

l0 l0 20

20 30 30

s0 90 50

30 200 160

20 240 200

lso lto ll0

300 lll0 1130

.07 .01 .01 .01

50 66 2s6 241

20 19 t66 150

ll 15 57 6l

40 14 86 76

100 134 201 185

58 s8 79 53

685 736 6t4 413

8123128
153 183 lll 97

ll ll l0 ll
653 794 356 307

28 27 33 25

20 33 51 52

: White kaolin
: Quartz-feldspar gneiss
: Tonalite
: Amphibolite

w
a
T
A

Appendix 2. 

Chemical composition ofUkonkangas raw kaolin and parent rocks in drill cores R 382, R 384, 
R 385 and R 654. 

R382 

Depth (m) 20.5 32.3 43 .0 49.7 

Length 1.00 1.00 1.00 1.20 
(m) 

Rock type W W W W 

SiO, % 45 .50 41.50 45 .30 43 .90 

TiO, 2.63 2.88 1.77 3.10 

AI,O, 35 .50 32.90 30.60 36.00 

FeO 

Fe,O, tot .72 .73 .48 1.37 

MnO .01 .01 .01 .01 

MgO .04 .04 .03 .05 

CaO .18 .12 .14 .13 

Na,O .03 .00 .05 .00 

K,O .39 .40 1.19 .40 

P,O, .17 .14 .11 .18 

H,O 14.61 20.81 20.11 14.51 

TOTAL 99.78 99.54 99.78 99.65 

S .03 .05 .07 .01 

Vppm 610 740 370 750 

Cr 520 720 240 470 

Ni 40 130 100 60 

Cu 90 220 130 50 

Zn 130 350 250 90 

Rb 

Sr 20 10 30 80 

Y 

Zr 230 170 180 10 

Nb 

Ba 70 70 130 240 

La 

Ce 

W = White kaolin 
Q = Quartz-feldspar gneiss 
T = Tonalite 
A = Amphibolite 

R384 

21.5 30.9 

1.00 5.00 

W W 

67.30 60.20 

.28 .32 

20.50 20.40 

.86 1.86 

.01 .02 

.11 1.43 

.08 .45 

.01 .67 

2.06 3.17 

.02 .09 

14.50 11.00 

100.1 100.0 

.07 .03 

60 200 

20 20 

30 40 

90 70 

240 110 

40 100 

120 160 

970 1060 

R385 R654 

37.3 53.6 34.8 44.8 48 .7 56.0 68.9 80.6 81.7 

3.40 1.40 5.00 4.00 3.90 1.00 1.00 0.95 1.00 

w Q w w W T T A A 

47 .90 65 .86 64.60 65 .90 66.30 67.47 63.19 47 .55 47.45 

1.66 .21 .41 .19 .20 .43 .55 1.24 1.26 

22.70 16.17 24.10 21.20 21.10 16.28 16.42 15 .12 14.15 

.85 

4.74 .97 .45 1.34 1.15 3.53 4.26 11 .96 12.18 

.02 .02 .01 .02 .02 .07 .10 .20 .18 

.70 2.18 .05 .41 .48 .99 1.12 6.55 7.36 

2.53 3.72 .06 1.64 1.36 3.01 2.89 7.35 6.71 

.87 4.45 .00 2.22 1.78 4.71 4.31 2.90 2.75 

2.50 1.70 .92 1.77 1.88 2.83 2.49 1.64 1.41 

1.25 .14 .05 .09 .12 .19 .25 .40 .57 

14.70 1.42 9.20 4.90 5.30 .97 1.41 4.33 5.97 

100.0 97.78 99.85 99.68 99.68 100.4 96.89 99.04 99.81 

.12 .61 .01 .00 .00 .07 .01 .01 .01 

270 70 30 30 50 66 256 241 

180 10 10 20 20 19 166 150 

180 20 30 30 11 15 57 61 

150 50 90 50 40 14 86 76 

350 30 200 160 100 134 201 185 

58 58 79 53 

90 20 240 200 685 736 614 413 

8 12 31 28 

240 ISO 110 110 153 183 111 97 

11 11 10 11 

930 300 1110 1130 653 794 356 307 

28 27 33 25 

20 33 51 52 



Appendix 3. Appendix 3i I

Chemical composition of Vuorijoki raw kaolin, weathered rock and parent rock in drill cores R 504

and R 510

R 504 R 510

49.0 ss.0 6t.6 69.2 '11.2 74.0 80.2 81.4 84.0 39.7 40.8 45.4 47.9 52.6 53.9 56.3

2.00 2.00 1.60 3.15 2.00 2.85 2.60 1.25 2.55 1.55 l.l0 2.30 2.50 1.10 1.30 1.85

RocktypeWWWWWWWRaa
sio2 % 50.38 6656 60.84 49.11 43.75 47.88 54.58 58.80 55.23

Tio, 2.07 .51 1.36 3.00 4.ll 3.55 2.19 2.59 1.56

Al2o3 25.41 21.45 23.84 25.52 24.01 24.13 19.92 18.85 18.02

FeO .2s .13 .20 l.8l 2.33 230 4.68 4.16 r.'15

Fe2O3 4.33 .83 l.'13 2.63 4.'ll 3.89 1.58 1.80 4.51

MnO .00 .00 .00 .03 .05 .05 .06 .06 .02

MgO .16 .14 .r7 1.29 1.48 1.11 2.37 1.3'l .86

CaO .09 .05 .07 .13 .l'1 .22 2.04 2.92 2.48

Na2O .00 .03 .02 ,02 .00 .02 2.39 3.40 2.63

KrO 1.30 2.20 t.29 .98 .94 1.29 2.49 1.03 1.28

pro, .28 .10 .12 .31 .30 .23 .76 .68 .47

H,O 9.7s 7.36 8.56 10.20 10.00 9.68 5.74 4.44 4.81

wwwwwRaa
55.89 67.29 48.48 63.64 70.25 70.53 70.98

2.69 .51 3.87 .32 .t7 ,r7 .14

25.08 20.55 24.49 22.34 17.6r 16.69 16.74

.64 .16 l.5l .06 .48 .85 |.24

1.78 .10 4.26 l.3l .56 .27 .14

.03 .00 .05 .00 .01 .02 .03

.10 .r2 .13 .20 .68 .6t .55

.08 .06 .15 .06 1.85 2.04 2.32

.02 .01 .00 .03 s.08 5.58 5.80

.39 .62 .32 1.01 2.t3 1.56 t.75

.18 .13 .42 .r4 .r2 .ll .10

10.00 7.85 9.80 8.35 1.89 r.28 1.03

TOTAL 94.0s 99.37 98.22 95.26 92.06 94.56 99.26 100.5 93.79 96.92 97.42 93.60 97.47 100.9 99.78 100.9

C

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

.05

2.25

442

63

44

68

109

42

33

323

59

427

J)

t426

t07

244

.09

1.38

378

?n

2l

65

t34

39

l0

45

2l

374

32

321

32

76

.05

r.09

59

43

6

l8

54

29

30

109

37

143

5

437

25

49

.05

.34

2l

l6

J

l9

3t

24

36

536

t4

85

3

732

l3

0

.u)

.05

24

l6

5

0

49

24

29

728

l8

98

J

659

ll
0

.08

.09

l8

2l

9

0

40

2l

28

695

3

8l

560

4

.05

4.41

353

40

69

l0l

263

38

42

230

49

A1l

34

tl2'l

68

l3l

.77 r.67

89 184

46 20

49 l1

t4 24

r99 t52

27 32

42 20

107 52

15 16

156 240

13 t7

794 477

27 26

53 6l

4.30 3.03 .36 .22 3.90

228 289 207

26814
24 ll 26

47 31 38

245 85 8l

28 36 30

61 20 36

735 564 380

34 38 34

344 349 3sl

26 31 24

1342 226 545

69 46 65

173 96 107

.13 3.65

W : White kaolin
WR: Weathered rock

a : Quartz-feldspar gneiss

Appendix 3. Appendix 3/1 

Chemical composition ofVuorijoki raw kaolin, weathered rock and parent rock in drill cores R 504 
and R 510 

R 504 R 510 

Depth (m) 49.0 55 .0 61.6 69.2 71.2 74.0 80.2 81.4 84.0 39.7 40.8 45.4 47 .9 52.6 53 .9 56.3 

Length 2.00 2.00 1.60 3. 15 2.00 2.85 2.60 1.25 2. 55 1.55 1.1 0 2.30 2.50 1.1 0 1.30 1.85 
(m) 

Rock type W W W W W W WR Q Q W W W W WR Q Q 

SiO, % 50.38 66.56 60.84 49.17 43 .75 47 .88 54.58 58 .80 55.23 55 .89 67 .29 48.48 63 .64 70.25 70.53 70.98 

TiO, 2.07 .51 1.36 3.00 4.11 3.55 2.19 2.59 1.56 2.69 .51 3.87 .32 .17 .17 .14 

AI,Ol 25.41 21.45 23 .84 25 .52 24.01 24.13 19.92 18.85 18.02 25.08 20.55 24.49 22.34 17.61 16.69 16.74 

FeO 

MnO 

MgO 

CaO 

Na,O 

K,O 

.25 .13 .20 1.81 2.33 2.30 4.68 4.1 6 1.75 .64 .16 1.51 .06 .48 .85 1.24 

4.33 .83 1.73 2.63 4.71 3.89 1.58 1.80 4.51 1.78 .10 4.26 1.31 .56 .27 .14 

M .00 .00 ill .M ili ~ .~ m ill .00 .05 .00 .01 .02 .03 

.16 .14 .17 1.29 1.48 1.11 2.37 1.37 .86 .10 .12 .13 .20 .68 .61 .55 

.09 .05 .07 .13 .17 .22 2.04 2.92 2.48 .08 .06 .15 .06 1.85 2.04 2.32 

.00 .03 .02 .02 .00 .02 2.39 3.40 2.63 .02 .01 .00 .03 5.08 5.58 5.80 

1.30 2.20 1.29 .98 .94 1.29 2.49 1.03 1.28 .39 .62 .32 1.0 I 2.13 1.56 1.75 

.28 .10 .12 .31 .30 .23 .76 .68 .47 .18 .13 .42 .14 .12 .11 .10 

H,O 9.75 7.36 8.56 10.20 10.00 9.68 5.74 4.44 4.81 10.00 7.85 9.80 8.35 1.89 1.28 1.03 

TOTAL 94.05 99.37 98 .22 95 .26 92.06 94.56 99.26 100.5 93.79 96.92 97.42 93 .60 97.47 100.9 99.78 100.9 

C 

S 

V ppm 

Cr 

Ni 

Cu 

Zn 

Ga 

Rb 

Sr 

y 

Zr 

Nb 

Ba 

La 

Ce 

.18 .05 .05 .05 .05 .05 

4.41 .77 1.67 2.25 4.30 3.03 

353 89 184 442 

40 46 20 63 

69 49 11 44 

101 14 24 68 

263 199 152 109 

38 27 32 42 

42 42 20 33 

230 107 52 323 

49 15 16 59 

421 156 240 427 

34 13 17 35 

1127 794 477 1426 

68 27 26 107 

131 53 61 244 

W = White kaolin 
WR = Weathered rock 
Q = Quartz-feldspar gneiss 

.05 .05 .05 .09 .05 .08 .05 .05 .05 .08 

.36 .22 3.90 1.38 .13 3.65 1.09 .34 .05 .09 

228 289 207 378 59 21 24 18 

26 8 14 30 43 16 16 21 

24 11 26 21 6 3 5 9 

47 31 38 65 18 19 0 0 

245 85 81 134 54 37 49 40 

28 36 30 39 29 24 24 21 

61 20 36 10 30 36 29 28 

735 564 380 45 109 536 728 695 

34 38 34 21 37 14 18 3 

344 349 351 374 143 85 98 81 

26 31 24 32 5 3 3 4 

1342 226 545 321 437 732 659 560 

69 46 65 32 25 13 11 5 

173 96 107 76 49 0 0 4 



Appendix 3 continued. Appendix 3/2

Chemical composition of Vuorijoki raw kaolin, weathered rock and parent rock in drill core R 572

R 572

Depth (m) 34.2 41.3 4s.6 5s.3 67.5 71.2 75.8 78.3 81.0 86.1 88.1

Length
(m)

l .40 1.80 2.10 r.70 3.90 2.05 2.65 2.50 2.6s r.001.001.00

Rocktype C C

sio2 % 47.73 34.73

Tio, 1.02 3.08

Al2o3 23.43 24.45

FeO .25

Fe2O. D 11.68 22.84

MnO .02 .06

MgO .38 .12

CaO .16 .10

Na2O .00 .02

KrO .43 .10

PrO, .39 .39

HrO t1.70 14.30

wc
53.90 50.42

.'12 2.70

29.77 22;79

.l I .21

1.87 5.16

.00 .00

.16 .09

.09 .09

.01 .03

.49 .33

.r2 .15

r2.t0 9.s5

WC
46.57 44.72

4.36 4.09

26.91 25.49

.2r .38

2.90 4,52

.00 .01

.08 .10

.16 .14

.01 .05

.89 1.95

.50 .56

l1.40 9.92

ww
59.41 58.48

1.48 1.62

23.47 23.07

.19 .73

1.93 1.23

.00 .01

.24 .60

.07 .09

.04 .01

2.43 2.01

.16 .16

8.14 8.5 l

WR WR

50.96 s8.38

1.97 .54

21.43 15.63

1.05 .52

4.67 3.51

.02 .02

.92 2.3s

.56 1.74

.51 2.88

1.93 3.32

.29 .18

8.16 2.82

WR WR

50.72 42.52

.60 .68

14.88 15.77

.25 1.45

5.92 6.t2

.02 .06

2.99 10.s6

1.50 5.30

.44 1.04

2.98 1.58

.2s .18

5.55 5.68

a
69.36

.15

16.8s

.46

.53

.0t

.56

2.34

4.93

1.93

.ll
l.l3

roTAL 97.20 100.1 99.35 91.54 94.01 9t.96 97.s8 96.59 92.s7 91.93 86.1l 91.04 98.40

C

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

2.07 .16

.02 .04

3'tr

t45

72

t72

180

J+

t7

l3

124

262

t4

196

t77

170

.05 .05

1.69 2.96

214

39

45

156

)t

137

t7

228

t7

809

27

5l

.17 2.98

3.91 2.74

278

tl7

121

t12

120

25

97

137

36

207

l7

530

49

93

.05 .21 .05 .05

.03 5.20 4.28 4.29

t'75 488 623

103 35 l1

38 l0l 123

22 t22 89

27 437 105

31 39 4',1

ll 14 t9

68330
16 15 78

2t'7 459 576

15 40 69

105 87 1568

32 3b 55

189 82 148

7 ,94 .77 .18

3.80 5.86 .s2

26

))

2l

8

561

22

38

592

I

t)

l

642

IJ

l2

W : White kaolin
C : Coloured kaolin
WR : Weathered rock

a : Quartz-feldspar gneiss

x) When FeO missing, total Fe calculated FerO3

Appendix 3 continued. Appendix 3/2 

Chemical composition ofVuorijoki raw kaolin, weathered rock and parent rock in drill core R 572 

R572 

Depth (m) 34.2 41.3 45 .6 55.3 67.5 71.2 75 .8 78.3 81.0 86.1 88 .1 89.6 90.6 

Length 1.40 1.80 2.10 1.70 3.90 2.05 2.65 2.50 2.65 1.00 1.00 .50 1.00 
(m) 

Rock type C C W C W C W W WR WR WR WR Q 

Si02 % 47 .73 34.73 53 .90 50.42 46.57 44.72 59.41 58.48 50.96 58.38 50.72 42.52 69.36 

Ti02 

A120 , 

FeO 

Fe20 , X) 

MnO 

MgO 

CaO 

Na20 

K 20 

1.02 3.08 .72 2.70 4.36 4.09 1.48 1.62 1.97 .54 

23 .43 24.45 29.77 22.79 26.91 25.49 23.47 23 .07 21.43 15 .63 

.25 .11 .21 .21 .38 .19 .73 1.05 .52 

11.68 22 .84 1.87 5.16 2.90 4.52 1.93 1.23 4.67 3.51 

.02 .06 

.38 .12 

.16 .10 

.00 .02 

.43 .10 

.39 .39 

.00 

.16 

.09 

.01 

.49 

.12 

.00 

.09 

.09 

.03 

.33 

.15 

.00 .01 .00 .01 .02 .02 

.08 .10 .24 .60 .92 2.35 

.16 .14 .07 .09 .56 1.74 

.01 .05 .04 .01 .51 2.88 

.89 1.95 2.43 2.01 1.93 3.32 

.50 .56 .16 .16 .29 .18 

.60 .68 .15 

14.88 15 .77 16.85 

.25 1.45 .46 

5.92 6.12 .53 

.02 .06 .01 

2.99 10.56 .56 

1.50 5.30 2.34 

.44 1.04 4.93 

2.98 1.58 1.93 

.25 .18 .11 

H20 11.70 14.30 12.10 9.55 11.40 9.92 8.14 8.51 8.16 2.82 5.55 5.68 1.l3 

TOTAL 97.20 100.1 99.35 91.54 94.01 91.96 97 .58 96.59 92.57 91.93 86.11 91.04 98.40 

C 

S 

2.07 .16 .05 .21 .05 .05 .05 .05 .17 2.98 

.02 .04 .03 5.20 4.28 4.29 1.69 2.96 3.91 2.74 

V ppm 

Cr 

Ni 

Cu 

Zn 

Ga 

Rb 

Sr 

y 

Zr 

Nb 

Ba 

La 

Ce 

371 

145 

72 

172 

180 

34 

17 

13 

124 

262 

14 

196 

177 

170 

W = White kaolin 

175 488 623 

103 35 11 

38 101 123 

22 122 89 

27 437 105 

31 39 47 

11 14 19 

6 8 330 

16 15 78 

217 459 576 

15 40 69 

105 87 1568 

32 32- 55 

189 82 148 

C = Coloured kaolin 
WR = Weathered rock 
Q = Quartz-feldspar gneiss 

214 

23 

39 

45 

156 

32 

37 

137 

17 

228 

17 

809 

27 

51 

x) When FeO missing, total Fe calculated Fe203 

278 

117 

121 

112 

120 

25 

97 

137 

36 

207 

17 

530 

49 

93 

7.94 .77 

3.80 5.86 

.18 

.52 

26 

22 

21 

8 

561 

22 

38 

592 

75 

5 

642 

13 

12 



Appendix 3 continued. Appendix 3/3

Chemical composition of Vuorijoki raw kaolin, weathered rock and
parent rock in drill core F.574

R 574

Depth (m) 28.4 42.9 46.9 62.6 64.6 67.r

Leneth (m) 2.00 1.65 1.501.001.002.002.90

Rock type

sio2 %

Tio,

Al2o3

FeO

FerO, D

MnO

Mgo

CaO

Naro

KrO

PzOs

HrO

64.6't s7.06

.28 .26

22.68 28.67

.20 .13

.7 | .43

.02 .01

.ll .13

.06 .06

.00 .06

.66 1.33

.06 .07

9.r9 10.50

s3.41 58.79

.91 .47

18.03 1s.16

1.28 r.74

3.26 3.60

.05 .04

3.37 3.09

.38 .74

1.25 2.t6

3.79 3.04

.t2 .15

5.25 3.38

w

66.19

7)

19.19

.46

|.47

.03

.82

.07

.05

1.76

.07

6.75

c
WR

56.20 54.08

.6r .59

14.79 14.87

.96 l.9l

4.22 4.96

.05 .07

3.86 4.67

.27 .42

.05 1.66

3.81 2.56

.13 .12

4.94 5.57

WR M

TOTAL 98.64 98.71 97.20 89.9s 91.62 91.19 92.5r

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

l.l 5

78

47

6

0

64

3l

l0

24

8

l4

9

3s8

t4

3l

3.64

404

135

143

t20

391

ZJ

143

45

46

t75

l4

't27

46

94

3.51

372

122

127

ll3

412

25

7l

84

48

268

l5

700

40

67

2.t6

266

102

87

97

250

??

100

t46

33

t65

t2

578

42

50

1.40 .63

W : White kaolin
C : Coloured kaolin
'WR: Weathered rock
M : Mica gneiss

x) When FeO missing, total Fe calculated FerO3

Appendix 3 continued. Appendix 3/3 

Chemical composition of Vuorijoki raw kaolin, weathered rock and 
parent rock in drill core R 574 

R 574 

Depth (m) 28.4 35.8 42.9 46.9 62.6 64.6 67 .1 

Length (m) 2.00 1.65 2.90 2.00 1.00 1.00 1.50 

Rock type W W W C WR M 
WR 

SiO, % 64.67 57.06 66.19 56.20 54.08 53.41 58.79 

TiO, .28 .26 .32 .61 .59 .91 .47 

A1,O, 22.68 28.67 19.19 14.79 14.87 18.03 15.16 

FeO .20 .13 .46 .96 1.9 1 1.28 1.74 

Fe,O, Xl .7 1 .43 1.47 4.22 4.96 3.26 3.60 

MnO .02 .0 1 .03 .05 .07 .05 .04 

MgO . 11 . 13 .82 3.86 4.67 3.37 3.09 

CaO .06 .06 .07 .27 .42 .38 .74 

Na,O .00 .06 .05 .05 1.66 1.25 2.16 

K,O .66 1.33 1.76 3.81 2.56 3.79 3.04 

P,O, .06 .07 .07 .13 .12 .12 .15 

H,O 9.19 10.50 6.75 4.94 5.57 5.25 3.38 

TOTAL 98 .64 98.71 97.20 89.95 91.62 91.19 92.51 

S 1.15 1.40 .63 3.64 3.5 1 2.68 2.16 

V ppm 78 404 372 266 

Cr 47 135 122 102 

Ni 6 143 127 87 

Cu 0 120 113 97 

Zn 64 39 1 4 12 250 

Ga 3 1 23 25 23 

Rb 10 143 71 100 

Sr 24 45 84 146 

Y 8 46 48 33 

Zr 14 175 268 165 

Nb 9 14 15 12 

Ba 358 727 700 578 

La 14 46 40 42 

Ce 3 1 94 67 50 

W = White kaolin 
C = Coloured kaolin 
WR = Weathered rock 
M = Mica gneiss 
x) When FeO missing, total Fe calculated Fe2ü 3 



Appendix 4. Appendix 4/1

Chemical composition of Eteltikylä raw kaolin, weathered rock and parent rock in drill cores R 655
and R 656

R 655 R 656

18.5 43.s 52.3 ',ts.s 85.5 23.9 34.0 43.0 46.4 63.9 82.6 89.6 90.8 91.8 92j 98.7

.10t0l0l0Length
(m)

2.60 2.65 I .s0 1.95 3.50 3.10 2.25 1.60 8.40 8.60

wwwwwwwRwRTTT
53.86 50.10 56.98 52.73 51.53 s0.31 53.08 56.41 72.32 7t.20 70.32

2.22 2.45 t.77 2.31 2.23 .37 1.58 1.17 .50 .53 .s4

29.03 31.99 28.05 29.91 30.56 32.38 21.63 t8.s8 14.35 14.96 14.94

1.62 t.29 .79 t.42 t.34 2.35 7.06 7.10 2.90 3.5'7 3.76

.03 .03 .02 .03 .01 .03 .07 .09 .03 .03 .03

.08 .06 .15 .14 .23 .08 l .50 2.46 .66 .80 .87

.13 .t2 .18 .19 .30 1.57 3.88 4.90 3.09 3.07 3.38

.03 .03 .00 .01 .00 .00 4.13 4.69 4.tt 4.26 4.46

.13 .10 .r9 .15 .33 .4r .78 1.06 .86 .97 t.24

.22 .22 .13 .r4 .27 .09 .31 .2s .r4 .16 .l I

I1.69 t3.21 tt,22 t2.75 12.70 13.25

Rock type

sio, %

Tio,

Al2o3

FerO, tot

MnO

Mgo

CaO

Naro

Kro

PrOs

TCWCW
59.30 48.03 51.36 47 .28 54.72

.76 2.t8 l.8l 2.09 l.8l

19.67 28.4s 30,84 28.30 29.65

5.78 6.94 3.52 8.64 .52

.09 .11 .02 .01

I .69 .50 .09 . 13 .10

5.71 .32 .09 .18 .57

5.69 .00 .00 .00 .00

.47 .22 .08 .07 .47

.27 .15 .01 .26 .37

13.14 12.53 12.96 11.88

TOTAL 99.43 99.93 100.3 99.91 99.01 99.5't 99.46 99.75 99.49 100.8 94.02 96.71 98.96 99.55 99.6s

.05

.00

264

9l

't6

206

78

43

J

341

^a

)))

4l

312

200

482

C

S

v ppm

Cr

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Nb

Ba

La

Ce

.05

.00 .00

92 277

32 59

t7 92

45 481

89 4t5

27 40

l0 7

990 105

7 490

426 359

lt 20

189 230

zt 62

51 155

.05 .05

.00 .00

217 430

34 293

t6 89

34 3ll

54 415

47 40

43
46 20

440 413

37 60

l8 49

42 97

.05

.00

337

r75

46

tr7

202

40

6

26

83

42r

32

305

40

78

.05 .05 .05 .05 .05 .01 .01 .01 .01 .03

.00 .00 .00 .00 .00 .01 .01 .01 .01 .01

292 252 310 451 126 251 159 39 48 53

2t 33 54 609 34 1 13 76 15 2l l4

22 42 65 47 38 201 106 19 38 r l

112 142 200 305 156 165 64 5 38 0

72 321 456 259 t28 1896 t300 272 343 60

48 47 42 48 49 37 33 20 22 26

6t291461219161731
423 t7 18 27 67 716 777 707 722 729

54 87 123 108 t25 38 29 l0 8 6

565 424 465 430 209 192 427 373 379 335

4648383392817764
623 59 67 178 t49 279 25t 296 362 660

79 69 62 155 103 63 33 77 85 27

173 152 152 333 196 136 59 108 94 23

w : White kaolin
C : Coloured kaolin
WR : Weathered rock
T : Tonalite

Appendix 4. Appendix 4/1 

Chemical composition ofEteläkylä raw kaolin, weathered rock and parent rock in drill cores R 655 
and R 656 

R 655 R656 

Depili(m) 18.5 43 .5 52.3 75 .5 85 .5 23 .9 34~ 43.0 46A 639 82.6 89.6 90.8 91.8 92.7 98 .7 

Length 2 .60 2.65 1.50 1.95 3.50 4.10 3.10 2.25 1.60 8AO 8.60 .10 .10 .10 .10 .10 
(m) 

Rock type T C W C W W W W W W W WR WR T T T 

Si02 % 59.30 48.03 51.36 47.28 54.72 53.86 50.10 56.98 52 .73 51.53 50.31 53 .08 56A 1 72.32 71.20 70.32 

Ti02 .76 2.18 1.81 2.09 1.81 2.22 2A5 1.77 2.31 2.23 .37 1.58 1.17 .50 .53 .54 

A1 20 l 19.67 28A5 30.84 28.30 29.65 29.03 31.99 28 .05 29.91 30.56 32.38 21.63 18.58 14.35 14.96 14.94 

Fe20 l tot 

MnO 

MgO 

CaO 

Na,o 

K20 

P,os 

H,O 

TOTAL 

C 

S 

V ppm 

Cr 

Ni 

Cu 

5.78 6.94 3.52 8.64 

.09 

1.69 

5.71 

5.69 

A7 

.27 

.11 

.50 

.32 

.00 

.22 

.15 

.02 

.09 

.09 

.00 

.08 

.01 

.13 

.18 

.00 

.07 

.26 

.52 1.62 1.29 

.01 

.10 

.57 

.00 

A7 

.37 

.03 

.08 

.13 

.03 

.13 

.22 

.03 

.06 

.12 

.03 

.10 

.22 

.79 1.42 1.34 2.35 7.06 7.10 2.90 3.57 3.76 

.02 

.15 

.18 

.00 

.19 

.13 

.03 

.14 

.19 

.01 

.15 

.14 

.01 .03 .07 .09 .03 .03 .03 

.23 .08 1.50 2A6 .66 .80 .87 

.30 1.57 3.88 4.90 3.09 3.07 3.38 

.00 .00 4.13 4 .69 4.11 4 .26 4A6 

.33 Al . 78 1.06 .86 .97 1.24 

.27 .09 .31 .25 .14 .16 .11 

13 .14 12.53 12.96 11.88 11.69 13 .21 11.22 12.75 12.70 13.25 

99.43 99.93 100.3 99.91 100.1 99.01 99.57 99A6 99.75 99A9 100.8 94.02 96.71 98.96 99 .55 99.65 

.05 .05 .05 .05 .05 .05 .05 .05 .05 .05 .01 .01 

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .01 .01 

92 277 217 430 337 264 292 252 310 451 126 251 159 

32 59 34293175 91 21 33 54609 34113 76 

17 92 16 89 46 76 22 42 65 47 38 201 106 

45 481 34 311 117 206 112 142 200 305 156 165 64 

.01 

.01 

39 

15 

19 

.01 

.01 

48 

21 

38 

38 

.03 

.01 

53 

14 

11 

o 

Zn 89 415 54 415 202 78 72 321 456 259 128 1896 1300 272 343 60 

Ga 27 40 47 40 40 43 48 47 42 48 49 37 33 20 22 26 

Rb 10 7 4 3 6 3 6 12 9 14 6 12 19 16 17 3 1 

Sr 990 105 46 20 26 341 423 17 18 27 67 716 777 707 722 729 

Y 7 490 9 27 83 47 54 87 123 108 125 38 29 10 8 6 

Zr 426 359 440 413 421 555 565 424 465 430 209 192 427 373 379 335 

Nb 11 20 27 41 32 41 46 48 38 33 9 28 17 7 6 4 

Ba 189 230 37 60 305 312 623 59 67 178 149 279 251 296 362 660 

La 21 62 18 49 40 200 79 69 62 155 103 63 33 77 85 27 

Ce 51 155 42 97 78 482 173 152 152 333 196 136 59 108 94 23 

W = White kaolin 
C = Coloured kaolin 
WR = Weathered rock 
T = Tonalite 



Appendix 4 continued.

Chemical composition of Eteltikylä raw kaolin in drill core R 697

Appendix4l2

R 697

Depth (m) 17.75 29.50 40.s0 52.10 63.60 87.30 99.50 1t2.0 120.6

Length (m) 3.95 2.30 3.00 2.95 3.00 3.00 J.UJ 3.30 2.60

Rock type

sio2 %

Tio,

Al203

Fe2O3 tot

MnO

Mgo

CaO

NarO

KrO

PrO,

HrO

ww
52.42 45.69

1.78 2.30

31.27 32.15

1.50 2.34

.01 .01

.09 .09

.10 .08

.02 .02

.10 .14

.04 .03

13.08 14.22

CC
45.95 50.97

2.22 2.05

28.77 30.34

9.60 2.79

.02 .02

.t4 .10

.r2 .08

.03 .00

.08 .13

.23 .09

12.98 12.86

CC
58.49 52.29

1.54 2.09

28.08 28.71

t.24 3.80

.01 .00

.09 .18

.08 .61

.00 .00

.24 .34

.08 .l3

10.81 13.08

w

s5.61

t.72

29.08

l.0l

.01

.10

.09

.00

.14

.05

I1.98

wwc
44.33 46.67 64.02

3.58 3.40 1.27

35.01 34.4t 22.59

.94 .68 1.00

.00 .02 .00

.13 .10 .05

.18 .ls .08

.02 .02 .00

.05 .07 .75

.17 .t7 .05

t6.r2 15.35 8.95

TOTAL 100.4 9't.06 99.78 100.1 99.41 101.2 100.5 101.0 98.76100.6

.01 .01 .01 .01 .01 .03 .07

.01 .01 .01 .01 .01 .01 .88

.01 .01 .01

.01 .01 .01

C

S

w
C
G

: White kaolin
: Coloured kaolin
: Grey kaolin

Appendix 4 continued. Appendix 4/2 

Chemical composition of Eteläkylä raw kaolin in drill co re R 697 

R697 

Depth (m) 17 .75 29.50 40.50 52 .10 63.60 75.30 87.30 99.50 112.0 120.6 

Length (m) 3.95 2.30 3.00 2.95 3.05 3.00 3.00 3.05 3.30 2.60 

Rock type W W W C C C C W W G 

SiO, % 52.42 45.69 55.61 45.95 50.97 58.49 52.29 44.33 46.67 64.02 

TiO, 1.78 2.30 1.72 2.22 2.05 1.54 2.09 3.58 3.40 1.27 

AI ,O, 31.27 32. 15 29 .08 28.77 30.34 28 .08 28.71 35.01 34.41 22.59 

Fe,O, tot 1.50 2.34 1.0 I 9.60 2.79 1.24 3.80 .94 .68 1.00 

MnO .01 .01 .01 .02 .02 .01 .00 .00 .02 .00 

MgO .09 .09 .10 .14 .10 .09 .18 .13 .10 .05 

CaO .10 .08 .09 .12 .08 .08 .6 1 .18 .15 .08 

Na,O .02 .02 .00 .03 .00 .00 .00 .02 .02 .00 

K,O .10 .14 .14 .08 .13 .24 .34 .05 .07 .75 

P,O, .04 .03 .05 .23 .09 .08 .13 .17 .17 .05 

H,O 13.08 14.22 11.98 12.98 12.86 10.81 13.08 16.12 15.35 8.95 

TOTAL 100 .4 97.06 99.78 100.1 99.41 100.6 101.2 100.5 101.0 98.76 

C .01 .0 1 .0 1 .01 .01 .0 1 .01 .0 1 .03 .07 

S .01 .01 .01 .01 .01 .01 .01 .0 1 .0 1 .88 

W = White kaolin 
C = Coloured kaolin 
G = Grey kaolin 



Appendix 5.

Rare earth element analyses (ppm) of Virtasalmi raw kaolins, weathered rocks and parent rocks.

W: White kaolin, C: Coloured kaolin, WR: Weathered rock

Q = Quartz-feldspar gneiss, A: Amphibolite, T: Tonalite

R 504 R 510 R 529 R 531 R 656

Depth (m) 49.00 61.60 69.15 80.15 83.95 39.70 45.40 56.25 73.00 84.00 88.70 26.60 40.80 45.30 49.3s 34.00 46.40 63.90 82.60 98.70

Length (m) 2.00 1.60 3. l5 2.60 2.55 1.55 1.852.10 2.300.701.30 t.20 2.323. l02.00 0.108.608.401.603. l0

Rocktype W

La 54.60

Ce I 11.00

Pr 13.50

Nd 52.80

Sm 10.10

Eu 2.66

Gd 9.88

Tb 1.36

Dy 8.09

Ho l-57

Er 4.43

Tm .64

Yb 4.23

Lu .65

Y 39.s0

ww
25.20 109.00

54.20 232.00

6.38 29.20

26.90 I 16.00

5.1 I 18.90

1.54 5.84

4.92 16.80

.75 2.26

3.69 r l.s0

.61 2.2r

2.00 6.04

.27 .94

1.86 6.l8

.26 .84

16.30 55.80

wRa
77.10 52.90

162.00 104.00

19.40 12.00

76.90 46.90

12.90 9.07

3.75 2.'13

11.20 8.44

r.4t 1.24

6.86 6.25

r.26 1.25

3.54 3.22

.48 .48

2.84 3.04

.47 .44

33.10 30.60

wwa
32.10 84.80 3.33

66.40 168.00 6.09

8.0r 2t.90 .69

30.60 92.60 2.95

s.99 19.30 .45

1.80 5.36 .17

s.68 2r.20 .30

.81 2.84 .07

4.04 16.70 .37

.'t9 3.50 .06

2.r2 9.83 .28

.28 1.35 .04

2.27 8.98 .23

.32 1.38 .04

17.00 95.70 6.07

WWRA

54.70 73.80 32.70

19.00 178.00 75.10

14.70 22.70 9.83

62.20 96.50 43.40

12.50 23.10 9.27

3.75 6.74 2.85

13.50 26.80 9.43

r.97 4.77 1.53

l 1.00 32.70 8.70

1.90 7 .49 1.68

4.89 24.40 4.48

.65 3.96 .72

4.08 28.20 4.27

.s6 4.46 .62

37.80 208.00 42.50

CWRWR

54.10 50.70 53.10

12.00 88.10 98.20

14.00 1r.20 13.60

57.10 39.80 57.80

I I . l0 6.65 12.10

3.20 1.80 4.02

9.30 5.59 14.50

r.27 .74 2.12

6.49 3.72 12.20

1.07 .72 2.58

2.96 1.98 7 .31

.37 .29 .94

2.54 2.29 5.52

.33 .29 .90

20.50 14.40 88.00

A

28.20

65.50

8.61

37.50

7.81

2.72

7.94

1.11

6.r7

l.l4

2.99

.45

2.49

.3'.l

28.30

wwwwT
81.40 73.10 166.00 103.00 24.10

67.00 162.00 348.00 203.00 35.40

20.30 19.60 4r.60 24.',t0 3.23

79.10 80.90 163.00 94.90 9.sl

13.60 13.60 28.20 17.60 1.01

3.77 4.28 6.73 5.37 .87

13.40 t4.20 24.90 19.10 .75

1.63 2.05 3.56 2.87 .08

8.85 t2.20 18.60 18.20 .4r

r.'79 3.10 3.85 4.16 .10

4.96 11.60 11.70 13.40 .3s

.65 1.93 r.70 2.12 .04

4.t4 14.20 11.40 15.00 .35

.52 2.28 t.69 2.08 .07

48.30 119.00 98.30 l2l.Ob 2.50

Appendix 5. 

Rare earth element analyses (ppm) of Virtasalmi raw kaolins, weathered rocks and parent rocks. 

R 504 R510 R 529 

Depth (m) 49.00 61.60 69.15 80.15 83 .95 39 .70 45.40 56.25 73 .00 84.00 

Length (m) 2.00 1.60 3.15 2.60 2.55 1.55 230 1.85 1.30 0.70 

Rock type W W W WR Q W W Q W WR 

La 54.60 25 .20 109.00 77.10 52.90 32.10 84.80 333 54.70 73 .80 

Ce 111.00 54 .20 232.00 162.00 104.00 66.40 168.00 6.09 119.00 178.00 

Pr 13 .50 638 29.20 19.40 12.00 8.01 21.90 .69 14.70 22.70 

Nd 52.80 26.90 116.00 76.90 46.90 30.60 92.60 2.95 62.20 96.50 

Sm 10.10 5.11 18.90 12.90 9.07 5.99 1930 .45 12.50 23 .10 

Eu 2.66 1.54 5.84 3.75 2.73 1.80 536 .17 3.75 6.74 

Gd 9.88 4.92 16.80 11.20 8.44 5.68 21.20 30 13.50 26.80 

Tb 1.36 .75 2.26 1.41 1.24 .81 2.84 .07 1.97 4.77 

Dy 8.09 3.69 11.50 6.86 6.25 4.04 16.70 37 11.00 32.70 

Ho 1.57 .61 2.21 1.26 1.25 .79 3.50 .06 1.90 7.49 

Er 4.43 2.00 6.04 3.54 3.22 2.12 9.83 .28 4.89 24.40 

Tm .64 .27 .94 .48 .48 .28 1.35 .04 .65 3.96 

Yb 4.23 1.86 6.18 2.84 3.04 2.27 8.98 .23 4.08 28.20 

Lu .65 .26 .84 .47 .44 32 1.38 .04 .56 4.46 

Y 39.50 1630 55.80 33.10 30.60 17 .00 95.70 6.07 37.80 208 .00 

W = White kaolin, C = Coloured kaolin, WR = Weathered rock 
Q = Quartz-feldspar gneiss, A = Amphibolite, T = Tonalite 

R 531 R656 

88.70 26.60 40.80 4530 4935 34 .00 46.40 63 .90 82.60 

230 2.00 3.10 1.20 232 3.10 1.60 8.40 8.60 

A C WR WR A W W W W 

32.70 54.10 50.70 53 .10 28.20 81.40 73.10 166.00 103.00 

75.10 112.00 88.10 98.20 65 .50 167.00 162.00 348.00 203 .00 

9.83 14.00 11.20 13 .60 8.61 2030 19.60 41.60 24.70 

43.40 57.10 39.80 57.80 37 .5 0 79.10 80.90 163.00 94.90 

9.27 11.10 6.65 12.10 7.81 13.60 13 .60 28.20 17.60 

2.85 3.20 1.80 4.02 2.72 3.77 4.28 6.73 537 

9.43 9.30 5.59 14.50 7.94 13.40 14.20 24.90 19.10 

1.53 1.27 .74 2.12 1.11 1.63 2.05 3.56 2.87 

8.70 6.49 3.72 12.20 6.17 8.85 12 .20 18.60 18.20 

1.68 1.07 .72 2.58 1.14 1.79 3.10 3.85 4.16 

4.48 2.96 1.98 731 2.99 4.96 11.60 11.70 13.40 

.72 37 .29 .94 .45 .65 1.93 1.70 2. 12 

4.27 2.54 2.29 5.52 2.49 4.14 14.20 11.40 15 .00 

.62 33 .29 .90 37 .52 2.28 1.69 2.08 

42.50 20.50 14.40 88.00 2830 4830 119.00 9830 121.00 

98.70 

0.10 

T 

24.10 

35.40 

3.23 

9.51 

1.01 

.87 

.75 

.08 

.41 

.10 

35 

.04 

.35 

.07 

2.50 



Appendix 6. Appendix 6/1

Properties of Virtasalmi kaolin. Brightness (Bright) and yellowness (Yell) from <20 pm fraction.
Particle size (<2, <20,63 pm) , mineral comp.osition (XRD), and chemical analyses (XRF) from
raw kaolin. KAOl:kaolinite, QTZ:quartz, FElDS:feldspars

DRILL DEPTH BRIGHT YELL PARTICLES KAOL QTZ
CORE BETWEENm <2 <20 <63um

MICA FELDS SiO, AlrO, TiO, FerO,,., C

Litmanen:
sol 32.0
50 | 40.2
sOl 48.4
501 57.0
s22 10.8
522 2&.4
522 35.7
522 42.8
522 50.6
522 s8.7
522 66.9
529 I l.l
s29 l9.0
529 26.3
s29 31.7
529 4l.0
529 52.5
529 69.7
529 75.3
529 80.3
531 t7.5
531 22.6
531 30.5
531 57.6
53 t 72.4
53 t 88.7
s37 10.8
537 18.9
537 26.0

34.0
42.2
> t.2
s8.3
12.8
30.0
37.6
44.8
52.4
60.9
68.8
13.1

2r.0
28.3
JJ. /

43.0
57.5
71.7
78.6
83.3
19.4
24.6
32.4
59.6
74.4
91.0
12.8
20.9
29.5
37.6
46.4
25.1
32.5
40.2
19.3
29.7
41.0
49.1

s9.9
23.5
Jl_l
39.5
47.5
5 5.5
71.5
79.5
87.5

100.3

2.t4
1.49
2.t6
1.86
1.84
2.20
1.76
3.10
2.20
t.82
1.66
3.66
3.47
1.73
2.90
3.48
2.0s
2.25
2.07
1.58
t.52
1.87
I .81

1.98
1.9't
2.62
1.00

.45

.24

.34

.28
t.z)
I .)J
1.05
2.11
1.54

1.67
1.09

I .16
.83

1.22
l.98
1.52

.51

.34

.50
1.04
t.27

.83

.64

.71

4.41
1.69
.86
.59

1.23
l.l5
2.75
4.76
1.23
.98

l.4l
1.68
5.14
7.38

.68
2.73

.78
l.l0
8.72

.90
4.64
8.82
f -tf

.23

.ll

.31

.39
1.57
2.13
1.91

3.76
1.09

.52

.Ji

.34

.36

.50

.90

.96

.65

.t7

.t7

.24
2.94
r.00

.72
l. t3

l. t9
.48
1.3

.86
3.10
1.86
2.00
4.74

.45

t.34
l. l5

.26

.J I

.23

.34

.08

.03
0.00

.02
0.00
0.00

.01

.01

.05

.02

.03

.01

.01

.15
l.l I

.18

.04

.05

.04

.01

.01

.01

.08

.03

.04

.06

.09

.15

.12

.09

.05

.05

.31

l9
.12

.05

.14

.0'7

.05

.u5

.u)

.05

.05

.05

.13

.20

.32

3.r7
.tr)
.t2
.05
.05
.05
.05
.05
.05
.05
.05
.05
.05
.05
.12
.14
.08
.05
.11

.05

.05

.05

.05

.13

.06

.16

.05

.17

.13

.16

.03

.01

.01

.09

.16

.11

.03

.04

.01

.02

.01

.01

.01

.02

.t2

7l
70
70
7l
63

66

78
79
8l
58
4l
69
72
/o
t)
43
33
73

72
74

28
66
38
27
JI

68
IJ

69
tl
63

64
ö)

72
66
o/
't3

72
74
74
74
68
77
86
84
50
68

9

9

9

4
L)

22
1l

8

8

25
46
l6
l2
10

12

43
58
t2
l3
ll
l5
fö

2l
47
57

^1
l6
t2
IJ

l0
8

l0
t2
l0
18

24
t4
9
8

l0
l4
l6
25
l7

5

6

28
l9

40
43
4l
fl

40
)1

43
JJ

32
36
33
38
36
30
40
+o
45
JJ

)t
JJ
)z
30
46
JU

zö
28
40
29
t7
ll
ll
34
JI

30
42
30
)t
40
2l
20
34
38
34
z)
l6
18

26
25

93
86
70
82
78
67

77
72
66
82
IJ
87
87
80
8l
88
79
88
79
It
74
74
89
IJ
62
83

82
62
45
40
34
72
74
58
80
68
82
IJ

56
50
b/
80
66
49
39
4l
56
ll

98
91

74
88
8l
IJ

85

78
72
89
82
9s
94
90
9l
96
86
97
89
81

78
85

95
88
83

93
91

72
52
46
39
81

82
64
86
74
87

77
67
56
70
84
72
53

43
45
59
59

0
0
0
0
0
0

0
0
0

0

0

0

0

0

0
0
0
0
0
0
0
0
0
0

l0
0
0

l0
20

J

20
0

0

0

0

0

0

0

l5
0
0
0
0

0

0

0

0

2

100 0 0

9550
90 l0 0

70300
9550
50500
90 l0 0

9550
85 15 0
9640
85 t5 0

100 0 0
100 0 0

9550
10000
95s0
80200
9550
9550
'70 30 0

90 t0 0

9550
10000
95s0
4000

10000
70300
40455
40355
45 35 15

30 30 20
7050
8500
4050
85 15 0
90100
9550
752s0
45400
60355
60400
70300
65350
45530
45532
20823
60400
40580

44.t5
45.00
56.16
45.29
48.42
53.80
50.03
49.48
s2.25
47.54
48.29
44.53
4l .89
49.93
45.50
42.58
4 / -Jt)
q I i)

47.48
54.85
56.46
41 .01

46.56
47.82
44.65

46.23
61.98
71.93
73.40
7 4.47
/ J.b)
46.92
47.61
54.19
5r.52
5 5.81

51.98
56.29
61.36
6',7.91

59.73
53.50
59.49
72.86
78.04
74.90
62.26
59.53

35.94
34.1 0

27.03
29.94
33.01
30. l4
JJ.I I

33.09
31.31
JJ.I3

31.10
32.17
34.21
31.95
32.83
29.26
27.38
33.34
31.57
29.30
27.84
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Appendix 6. Appendix 6/1 

Properties ofVirtasalmi kaolin. Brightness (Bright) and yellowness (Yell) from <20 11m fraction. 
Partic1e size «2, <20, 63 11m) , mineral comp.osition (XRD), and chemical analyses (XRF) from 
raw kaolin. KAOL=kaolinite, QTZ=quartz, FELDS=feldspars 

DRlLL DEPTH BRIGHT YELL PARTICLES KAOL QTZ MICA FELDS SiO, AI,03 TiO, Fe,03to< C S 
CORE BETWEEN m <2 <20 <63 ~m 

Litmanen: 
501 32.0 34.0 71 9 40 93 98 100 0 0 0 44.15 35.94 2.14 .83 .26 .13 
501 40.2 42.2 70 9 43 86 91 95 5 0 0 45.00 34.10 1.49 .64 .31 .20 
501 48.4 51.2 70 9 41 70 74 90 10 0 0 56.16 27.03 2.16 .71 .23 .32 
501 57.0 58.3 71 4 51 82 88 70 30 0 0 45.29 29.94 1.86 4.41 .34 3.17 
522 10.8 12.8 63 23 40 78 81 95 5 0 0 48.42 33.01 1.84 1.69 .08 .05 
522 28.4 30.0 66 22 39 67 73 50 50 0 0 53.80 30.14 2.20 .86 .03 .12 
522 35.7 37.6 78 11 43 77 85 90 10 0 0 50.03 33.17 1.76 .59 0.00 .05 
522 42.8 44.8 79 8 33 72 78 95 5 0 0 49.48 33.09 3.10 1.23 .02 .05 
522 50.6 52.4 81 8 32 66 72 85 15 0 0 52.25 31.31 2.20 1.15 0.00 .05 
522 58.7 60.9 58 25 36 82 89 96 4 0 0 47.54 33.73 1.82 2.75 0.00 .05 
522 66.9 68.8 41 46 33 75 82 85 15 0 0 48.29 31.10 1.66 4.76 .0 1 .05 
529 11. I 13.1 69 16 38 87 95 100 0 0 0 44.53 32.17 3.66 1.23 .01 .05 
529 19.0 21.0 72 12 36 87 94 100 0 0 0 41.89 34.21 3.47 .98 .05 .05 
529 26.3 28.3 76 10 30 80 90 95 5 0 0 49.93 31.95 1.73 1.41 .02 .05 
529 31.7 33.7 73 12 40 81 91 100 0 0 0 45.50 32.83 2.90 1.68 .03 .05 
529 41.0 43.0 43 43 46 88 96 95 5 0 0 42.58 29.26 3.48 5.14 .01 .05 
529 52.5 57.5 33 58 45 79 86 80 20 0 0 47.36 27.38 2.05 7.38 .01 .05 
529 69.7 71.7 73 12 33 88 97 95 5 0 0 47.33 33.34 2.25 .68 .15 .12 
529 75.3 78.6 72 13 37 79 89 95 5 0 0 47.48 31.57 2.07 2.73 1.11 .14 
529 80.3 83.3 74 11 33 75 81 70 30 0 0 54.85 29.30 1.58 .78 .18 .08 
531 17.5 19.4 71 15 32 74 78 90 10 0 0 56.46 27.84 1.52 1.10 .04 .05 
531 22.6 24.6 28 58 30 74 85 95 5 0 0 41.01 26.45 1.87 8.72 .05 .11 
531 30.5 32.4 66 21 46 89 95 100 0 0 0 46.56 34.83 1.81 .90 .04 .05 
531 57.6 59.6 38 47 30 75 88 95 5 0 0 47.82 30.27 1.98 4.64 .01 .05 
531 72.4 74.4 27 57 26 62 83 40 0 0 10 44.65 24.56 1.97 8.82 .0 1 .05 
531 88.7 91.0 31 42 28 83 93 100 0 0 0 46.23 30.29 2.62 5.55 .0 1 .05 
537 10.8 12.8 68 16 40 82 91 70 30 0 0 61.98 24.60 1.00 .23 .08 . 13 
537 18.9 20.9 13 12 29 62 72 40 45 5 10 71.93 17.58 .45 .11 .03 .06 
537 26.0 29.5 69 13 17 45 52 40 35 5 20 73.40 17.06 .24 .31 .04 .16 
537 35.5 37.6 71 10 11 40 46 45 35 15 5 74.47 16.62 .34 .39 .06 .05 
537 44.7 46.4 63 8 II 34 39 30 30 20 20 73 .65 15.31 .28 1.57 .09 .17 
584 22.3 25.1 64 10 34 72 81 70 5 0 0 46.92 31.40 1.25 2.13 .15 .13 
584 30.5 32.5 65 12 31 74 82 85 0 0 0 47.61 32.17 1.53 1.91 .12 .16 
584 37.8 40.2 71 10 30 58 64 40 5 0 0 54.19 25.80 1.05 3.76 .09 .03 
588 16.8 19.3 72 18 42 80 86 85 15 0 0 51.52 31.02 2.11 1.09 .05 .01 
588 27.2 29.7 66 24 30 68 74 90 10 0 0 55.81 28.70 1.54 .52 .05 .01 
588 38.5 41.0 67 14 37 82 87 95 5 0 0 51.98 30.55 1.67 .33 .31 .09 
588 47.1 49.1 73 9 40 73 77 75 25 0 0 56.29 28.48 1.09 .34 .19 .16 
588 56 .8 59.9 72 8 21 56 67 45 40 0 15 61.36 24.53 1.16 .36 .12 .11 
669 21.5 23.5 74 10 20 50 56 60 35 5 0 67.91 22.01 .83 .50 .05 .03 
669 29.5 31.5 74 14 34 67 70 60 40 0 0 59.73 26.61 1.22 .90 .14 .04 
669 37.5 39.5 74 16 38 80 84 70 30 0 0 53.50 31.20 1.98 .96 .07 .01 
669 45.5 47.5 68 25 34 66 72 65 35 0 0 59.49 27.24 1.52 .65 .05 .02 
669 53.5 55.5 77 17 23 49 53 45 53 0 0 72.86 19.17 .5 1 .17 .05 .01 
669 69.5 71.5 86 5 16 39 43 45 53 2 0 78.04 16.27 .34 .17 .05 .0 1 
669 77.5 79.5 84 6 18 41 45 20 82 3 0 74.90 18.12 .50 .24 .05 .0 1 
669 85.6 87.5 50 28 26 56 59 60 40 0 0 62.26 23.05 1.04 2.94 .05 .02 
669 93.5 100.3 68 19 25 55 59 40 58 0 2 59.53 26.92 1.27 1.00 .05 .12 

Ukonkangas: 
382 19.5 20.5 58 16 33 91 98 95 5 0 0 45.50 35.50 2.63 .72 .03 
382 24.8 27.3 58 11 36 87 92 100 0 0 0 43.10 36.20 3.23 1.13 .06 
382 31.3 32.3 55 15 42 89 93 95 5 0 0 41.50 32.90 2.88 .73 .05 
382 37 .0 38.0 58 13 33 92 98 95 5 0 0 43.10 36.70 2.58 1.19 .04 
382 42.0 43.0 56 11 26 70 75 95 5 0 0 45.30 30.60 1.77 .48 .07 
382 48.5 49.7 46 26 37 96 99 95 0 5 0 43.90 36.00 3.10 1.3 .01 
384 20.5 21.5 80 4 22 51 55 20 50 5 25 67.30 20.50 .28 .86 .07 
384 24.5 25.9 23 49 52 15 5 35 5 52.40 20.60 .57 3.10 .03 
384 25.9 30.9 70 5 18 43 48 15 35 20 30 60.20 20.40 .32 1.86 .03 
384 30.9 33.9 79 4 15 36 42 20 30 20 30 67.70 19.10 .25 2.00 .0 1 
384 33.9 37.3 66 8 20 47 55 15 5 65 15 47.90 22.70 1.66 4.74 .12 
385 29.8 34.8 71 13 27 57 60 40 50 0 0 64.60 24.10 .41 .45 .0 1 
385 40.8 44.8 66 11 13 35 39 10 20 10 60 65.90 21.20 .19 1.34 00 
385 44.8 48.7 62 12 12 35 44 10 30 5 55 66.30 21.10 .20 1.15 .00 



Appendix 6 continued. Appendix 6/2

DRILL DEPTH BRIGHT YELL PARTICLES KAOL QTZ MICA FELDS SiO2 Al2O. TiO, FerO,,o, C
CORE BETWEENm <2 <20 <63 um

Vuoriioki:
504 42.8
504 55.0
504 64.'l
504 74.0
5 l0 36.7
510 40.8
510 47 .9
572 30.8
5't2 39.s
572 47.J
572 s0.5
572 59.8
572 7r.2
574 24.4
574 38.7

44.8 55
56.6 7 5

66.0 '76

7',1.6 6'l
38.2 73

43.1 '72

51.4 79
32.8 28
41.3 22
49.4 63
53.6 53

63.6 6s
73.2 '17

26.4 74
40.0 58

62
45

55

6'7

6'7

68
26
5l
58
48
JS

ta

9
9

l0
6

l0
f

48
5l
24
26
4
J

7

12

0
5

0
30

5

0
5

0
0
5

0
0
0
5

20

37 65 70 70 30
25 s6 62 80 ls
26 66 7r 75 2s
l8 49 56 45 l0
34 64 7t 65 30
38 76 80 90 l0
20 49 58 35 30
30 79 90 90 l0
33 72 8l 100 0

33 61 66 60 3s
36 63 68 65 2s
25 58 69 50 4s
32 59 65 40 50
36 58 60 45 50
23 46 52 35 4s

75 24
90 l0
90 l0
75 25
75 25
80 20
955
85 15

90 l0
955
80 19

90 10

905
50 50
85 15

90 l0
80 20
75 25
955
70 30
65 30

0 ss.r6 24.9r .75 1.85 1.04 1.39
0 60.00 23.s6 r.57 r.27 .04 .99
0 54.38 24.76 3.22 2.50 .05 1.36
15 52.58 21.60 2.02 6.59 .10 .73
0 58.26 23.5r .70 t.44 .15 1.16
0 51.55 26.73 4.18 2.86 .80 .55
0 64.14 21.60 .20 t.24 ,04 .59
0 41.61 25.22 1.76 t2.79 1.07 1.09
0 34.73 24.45 3.08 22.84 .t6 .04
0 63.05 24.86 .34 .69 .10 .01

0 55.52 26.53 t.22 3.42 .05 .06
0 49.67 22.79 2.00 8.02 .09 7.21
l0 s9.87 22.98 1.41 2.69 .05 2.2r
0 64.38 22.9r .27 .'t2 .11 .54
0 s8.40 16.77 .73 s.67 4.74 4.63

Eteläkvlä:
65s 40.8 43.9
65s 50.8 52.3
655 59.7 64.2
655 73.6 75.5
655 82.0 85.5
656 19.8 23.9
656 30.9 34.0
6s6 40.7 43.0
656 44.8 46.4

656 s5.5 63.9
656 74.0 82.6
697 13.8 17.8

697 2'.1 .2 29.s
697 37.s 40.5
69't 49.2 52.1
69',t 60.6 63.6
697 72.3 75.3
697 84.3 87.3

697 96.5 99.5
697 108.7 112.0
697 I18.0 120.6

q:t 4't 23 sq 5i
38 53 35 74 79

68 23 28 65 73

75 15 20 60 66
76 14 20 63 72

I
0
0
0

0
0
0
0
0

0
0
0

0
0
0
0
0
0
0
0
0

0
0
0 57.28 26.08 1.33
0 47.28 28.30 2.09
0 54.72 29.65 l.8l
0 53.86 29.03 2.22
0 50.10 31.99 2.4s
0

0 52.'13 29.91 2.31
0 5l .53 30.56 2.23
0 s0.31 32.38 .37

0 52.42 31.27 1.78
0 45.69 32.t5 2.30
0 55.61 29.08 r-72
0 4s.9s 28.77 2.22
0 50.97 30.34 2.05
0 58.49 28.08 1.54
0 52.29 28.71 2-09
0 44.33 3 s.Ol 3.5 8

0 46.67 34.41 3.40
s 64.02 22.59 r.27

t.es .os o.oo
8.64 .05 0.00
.52 .0s 0.00

r.62 .05 0.00
t.29 .05 0.00

1.42 .0s 0.00
1.34 .05 0.00
2.35 .0s 0.00
1.50 .01 .01

2.34 .01 .01

1.01 .01 .01

9.60 .01 .01

2.79 .01 .01

t.24 .01 .01

3.80 .01 .01

.94 .01 .01

.68 .03 .01

1.00 .07 .88

29
46
40
22
27
25
68
44
36
42
l8

22 68 76
22 75 8't
2s 7t 78
22 67 72
27 78 85
28 '.n 75
40 80 85

3 79 84
25 68 7r
4s 75 78
4s 83 92

Appendix 6 continued. Appendix 6/2 

DRILL DEPTH BRIGHT YELL PARTICLES KAOL QTZ MICA FELDS SiO, AI ,O) TiO, Fe,O" o' C S 
CORE BETWEEN m <2 <20 <631lm 

Vuorijoki: 
504 42.8 44.8 55 12 37 65 70 70 30 0 0 55.16 24.91 .75 1.85 1.04 1.39 
504 55.0 56.6 75 9 25 56 62 80 15 5 0 60.00 23 .56 1.57 1.27 .04 .99 
504 64.7 66.0 76 9 26 66 71 75 25 0 0 54.38 24.76 3.22 2.50 .05 1.36 
504 74 .0 77.6 67 10 18 49 56 45 10 30 15 52.58 21.60 2.02 6.59 .10 .73 
510 36 .7 38.2 73 6 34 64 71 65 30 5 0 58 .26 23 .51 .70 1.44 .15 1.16 
510 40 .8 43.1 72 10 38 76 80 90 10 0 0 51.55 26.73 4.18 2.86 .80 .55 
510 47.9 51.4 79 5 20 49 58 35 30 5 0 64.14 21.60 .20 1.24 .04 .59 
572 30.8 32.8 28 48 30 79 90 90 10 0 0 43 .61 25.22 1.76 12.79 1.07 1.09 
572 39.5 41.3 22 51 33 72 81 100 0 0 0 34.73 24.45 3.08 22.84 .16 .04 
572 47 .J 49.4 63 24 33 61 66 60 35 5 0 63 .05 24.86 .34 .69 .10 .01 
572 50 .5 53.6 53 26 36 63 68 65 25 0 0 55.52 26.53 1.22 3.42 .05 .06 
572 59.8 63.6 65 4 25 58 69 50 45 0 0 49 .67 22 .79 2.00 8.02 .09 7 .21 
572 71.2 73.2 77 3 32 59 65 40 50 0 10 59.87 22.98 1.41 2.69 .05 2.21 
574 24.4 26.4 74 7 36 58 60 45 50 5 0 64.38 22.91 .27 .72 .11 .54 
574 38.7 40.0 58 12 23 46 52 35 45 20 0 58.40 16.77 .73 5.67 4.74 4.63 

Etelä!sxlä: 
655 40.8 43.9 75 24 1 0 
655 50.8 52.3 90 10 0 0 
655 59.7 64.2 47 47 23 54 57 90 10 0 0 57.28 26 .08 1.33 3.89 .05 0 .00 
655 73 .6 75.5 38 53 35 74 79 75 25 0 0 47.28 28.30 2.09 8.64 .05 0 .00 
655 82.0 85 .5 68 23 28 65 73 75 25 0 0 54.72 29.65 1.81 .52 .05 000 
656 19.8 23 .9 75 15 20 60 66 80 20 0 0 53.86 29.03 2.22 1.62 .05 0.00 
656 30.9 34.0 76 14 20 63 72 95 5 0 0 50.10 31 .99 2.45 1.29 .05 0 .00 
656 40 .7 43 .0 85 15 0 0 
656 44.8 46.4 62 29 22 68 76 90 10 0 0 52.73 29 .91 2.31 1.42 .05 0 .00 
656 55.5 63.9 45 46 22 75 87 95 5 0 0 51.53 30.56 2.23 1.34 .05 0 .00 
656 74.0 82.6 55 40 25 71 78 80 19 0 0 50.31 32.38 .37 2.35 .05 0 .00 
697 13 .8 17.8 67 22 22 67 72 90 10 0 0 52.42 31.27 1.78 1.50 .01 .01 
697 27 .2 29.5 67 27 27 78 85 90 5 0 0 45 .69 32 .15 2.30 2.34 .01 .01 
697 37.5 40.5 68 25 28 71 75 50 50 0 0 55 .61 29.08 1.72 1.0 I .01 .01 
697 49 .2 52.1 26 68 40 80 85 85 15 0 0 45 .95 28 .77 2.22 9 .60 .01 .01 
697 60.6 63.6 51 44 3 79 84 90 10 0 0 50.97 30.34 2.05 2.79 .01 .01 
697 72.3 75.3 58 36 25 68 71 80 20 0 0 58.49 28.08 1.54 1.24 .01 .01 
697 84.3 87.3 48 42 45 75 78 75 25 0 0 52.29 28 .71 2 .09 3.80 .01 .01 
697 96.5 99.5 73 18 45 83 92 95 5 0 0 44.33 35 .01 3.58 .94 .01 .01 
697 108.7 112.0 70 30 0 0 46 .67 34.41 3.40 .68 .03 .01 
697 118.0 120.6 65 30 0 5 64 .02 22.59 1.27 1.00 .07 .88 
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