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Hydrothermall y alte red rocks showi ng various types of alteration are wide
spread in the intra-c raton ic rift-related Central Lapl and greenstone be lt (CLG B). 

Seven areas in the central part of the CLGB were se lected for detailed study in 
order to deduce the effect of hydrothe rm al alteration on the mineralogical and 
chemi cal compositi on of the sequence. 

The Middle Lapponian sediments were deposited in a Palaeoproterozoic rift 
zone in the central part of the CLGB. They were soon albitized in diagenetic 

conditi ons (T = 60-1 50°C) under the hi gh heat flow regime of the rift zone. The 
provenance information carried by the clastic feldspars was completely lost 
during the a lbiti zation. Upper Lapponian igneous ac ti vity probably began with 
small -volume lamprophyric magmati sm and was fo ll owed by a voluminous 
tholeiitic phase ca. 2 .2 Ga ago . Small -scale hydrothermal sys tems may have been 
generated by the lamprophyres. Large-scale hydrothe rmal ac tivity causing perva
sive and widespread alterati on was ev identl y genera ted by the thol e iitic magma
ti sm 2.2 Ga ago, when the main heat sources were the mafic dykes and sills . 

Temperature zonation of the hydrothermal sys tems re lated to the intrusions 
was weak ly developed as most of the altera ti ons took place in the same tempera
ture range, but the chemi cal zonation was more complex. The prevailing pressure 
was low (~0.5 kb). The prevailing temperature varied from 260 to 430°C between 

the areas studied, but within an area the temperature va ri ati on was within 20-60°. 
The igneous rocks were spi litized into mineral assembl ages dominated by amphi 
bole (Iow water/rock regime) and chlorite (high water/rock regime) by sea water

derived, low pH, reducing, very low / C02 and high aN./aK+ and aN./aC•2+ fluid . 
Simultaneously, their wa ll rocks were albitized and carbonated by nea r-neutral, 

predominamly ox idi zing, hi gh/ co2' aC•2+ and aN..'aK+ fluid. Biotitization caused by 
element exchange between the spiliti zing and carbonating zones took place in the 

margins of the igneous bodies in low aN./a
K
+ and aC.ja

K
+, near-neutral, weakly 

reducing condit ions. During the evolu tion of the hydrothermal system, the 
carbonation process expanded, covering even the most brecciated zones and the 
marginal zones of the igneous rocks. 

Since the reactions of carbonation and alb iti zation caused H+ re lease into the 

fluid and Na depletion in the fluid , pH , the aN./aK+ and ac,ja
K
+ of the hydrother

mal f lu id decreased, and carbonation was fo ll owed and overprinted by serici ti za
tion . Weak chlorit ization and tale formation took place locally during the se ri ci

tization stage because of somewhat hi gher pH and signi ficantl y hi gher a,.tg2+ than 
in the se ri c itizing fluid. This local enrichment of Mg suggests that the evolved 
hydrothermal fluid was mixed with fresh sea water in upflow zones of the 
hydrothermal system. 

Felsic magmatism, manifested by dykes in the Sivakkavaara area, genera ted 
local sma ll -sca le hydrothermal systems causi ng carbonation + albitization and 
sericitization after the cessation ofthe diabase-re lated hydrothermal systems. The 
alterations indicate P-T and chemical conditions si mi lar to those related to 



carbonation + albitization and sericitization combined with the diabase related 

hydrothermal systems. 
During the Svecokarelian orogeny, carbonation and intensive albitization 

related 10 fracture zones lOok place locally in the CLGB as displayed in the 

sediments of the Isolaki area. The origin of the metasomatic fluid remains 

unresolved, as roughly all fluid sources and their combinations are possible. The 

fluid was alkaline or near-neutral, had a high aN.)a
K

+, and moderate or high ac, ,+ 

andfco, ' The alteration probably took place during the Svecokarelian orogeny 1.9-
1.8 Ga ago, when the synorogenic plutonism formed the heat SOllrce for the 

hydrothermal system. No signs of metamorphic or post-metamorphic alterations 

were found in the other areas stlldied here. 

Mass balance calclilations indicate sllbstantial changes in chemical composi

ti on and rock voilime during the alteration processes, the relative volume changes 

ranging from -30% to >+50%. Only Ti, AI and Zr remained immobile during all 

stages of alteration. Most of the chemical changes are easily explained by the 

mineral reactions and replacement related 10 the variolls stages of alteration. 
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INT RODUCTION 

P r eface 

" Desperation rock" wrote an anonymous 
geologist in a drill-core report in the early 
1970's , referring to a pale grey, irregularly 
banded , biotite-bearing albite-carbonate rock. 
This was not the first nor the last ti me that 
someone has been puzzled by the widespread 

a-rich, low-grade rocks of the Palaeoprotero
zoic greens tone belts of the northern Fenno
scandian Shield. They have been called adi
noles , albitites, albitolites, carbonate albitites, 
carbonate-albite rocks , albite felses, kerato
phyres , etc. (e.g ., Amstutz 1974). It has been 
difficult to understand the formation of these 
pale rocks and their obscure structures. How, 
for example, can a rock with totally unaltered 
magmatic texture have a mineral assemblage of 
albite, chlorite and magnetite? How was a fine
grained, granoblastic, massi ve rock consisting 
only of albite formed? And what are the fine 
and medium-grained carbonate-albite rocks 
with a massive, magmatic or layered texture? 
No wonder the rocks were given strange and 
occasionally misleading names in the field and 
even in so me research reports. 

Interest in albitized and carbonated rocks has 
increased significantly during the last ten 
years, as a number of gold deposits (e.g., the 
Bidjovagge mine in Norway and the Saattopora 
mine and several occurrences in the Kuusamo 
district in Finland) and base metal deposits 
(e.g., Saattopora and Riikonkoski in Finland) 
occur partly or completely in the rocks termed 
albite felses, i.e., fine-grained, intensively al
bitized and variably carbonated metasediments 
(Lang et al. 1984, Björlykke et al. 1991 , Kor-

vuo 1991 , Nurmi et al. 1991 , Pankka 1992). 
Researchers have usually considered the for

mation of the Na-rich rocks to be related in one 
way or another to the formation of the albite 
diabases and mafic spi I i tes of the greens tone 
belts (e.g., Eskola 1925 , Piispanen 1972, Ams
tutz 1974, Kerrich 1983). Before the 1970's, 
magmatic differentiation and the spilitic mag
ma hypothesis were favoured as explanations 
for the formation of albite-chlorite, albite-ac
tinolite , albite and carbonate-albite rocks with 
magmatic textures (Ödman 1939, Gjelsvik 
1958, Meriläinen 1961 , Piispanen 1972, Leh
mann 1974, Piirainen and Rouhunkoski 1974), 
and regional metasomatism , metamorphism or 
regional sodium metasomatism related to plu
tonic magmatism were sometimes invoked to 
explain the Na-rich rocks of the greenstone 
belts (e.g ., Coombs 1974, Eriksson and Hall
gren 1975). As early as 1925 , however, Eskola 
was of the opinion that spilites, albite diabases 
and albite rocks cannot be produced by mag
matic differentiation, nor did he believe in re
gional sodium metasomatism. Later research 
has clearly indicated that spilites, albite dia
bases and albite rocks with magmatic textures 
have developed to their present state as a con
sequence of synmagmatic hydrothermal pro
cesses (Vallance 1974, Kerrich 1983, Reed 
1983 , Lesher et al. 1986, Shau and Peacor 
1992). The formation of albite rocks with ob
vious sedimentary textures and structures has 
practically always been explained by means of 
metasomatic processes (Eskola 1925 , Agrell 
1939, Mikkola 1941, Holmsen et al. 1957, Piis-
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panen 1972, Piirainen and Rouhunkoski 1974, 
Behr et al. 1983, Kalsbeek 1992, Pankka 1992). 

Most of the research into hydrothermal al
teration has been related to surveys of mineral 
deposits (e.g., KelTich 1983, Colvine et al. 
1988) and to regions of modern hydrothermal 
systems (e.g., Browne 1978, Cole 1986, 
Fournier 1989, Edmond 1992), and only a few 
reports have dealt with old altered bedrock 
without significant indications of mineraliza
tions. Those engaged in exploration often face 
the problem of how to distinguish between al
terations related and unrelated to mineraliza
tion as these typically overlap. Tt is therefore 
important that various types of alteration 
should be studied in regions of barren rock, too. 
In addition, it is essential for research into the 
general history of the bedrock to identify all 
signs of secondary alteration in order to find 
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_ Caledonides 

PROTEROZOIC 

o Granitoids 

_ Mafic intrusions 

rn Granulite complex 

~ Greenstone belts 

ARCHAEAN 

I<:::-j Basement complex 

100 km 

the least altered rocks and the least mobile 
elements. For this purpose, the altered rocks of 
the Central Lapland greenstone belt (CLGB) 
and their less altered environments are good 
objects of research, as their alteration grades 
and types are varied, covering several rock 
types with and without mineralizations. 

The predominantly Palaeoproterozoic green
stone belts of northern Finland (Fig. I) have 
been targets of geological investigations and 
ore exploration for many decades. In order to 
promote mineral exploration, to establish the 
classification of the volcanics and to determine 
their extrusion conditions and the development 
of the Earth's crust in northern Finland, "The 
Lapland Volcanite Project" (LVP) was started 
at the Geological Survey of Finland (GSF) in 
1984 (Lehtonen 1989b). üne of the main aims 
of the Volcanite Project was to determine the 

Fig. I. Generalized geologiea l map of Ihe northern Fennoseandian Shield. Modified after Ihe Metamorphie, Struetural and Jsolopic 
Age Map, Nonhern Fennoseandia (1988). The reetangle represenls Ihe area of Figure 2, where Ihe sites studied here are loealed. 



characteristics of the widespread alterations of 
va rious rock types in the CLGB. The genesis 
and primary nature of the pale sodium-rich 
rocks were considered especially important 
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aspects. For this purpose a subproject named 
"Adinole Research" was set up and target areas 
were selected in the central part of the CLGB 
(Figs. 1 and 2). 

Previous investigations 

The Na-rich rocks of northern Fennoscandia 
have been described and their origins investi
gated by numerous geologists , including Esko
la (1925), Ödman (1939), Mikkola (1941), Hol
msen et al. (1957), Gjelsvik (1958) , Padget 
(1959), Meriläinen (1961), Frietsch (1966), 
Paakkola (1971), Reino (1973), Piirainen and 
Rouhunkos ki (1974), Eriksson and Hallgren 
(1975), Lehtonen et a1. (1985), Eilu and Idman 
(1988), Björlykke et al. (1991), and Pankka 
(1992). Several occurrences of Na-rich rocks 
are especially weil known in the CLGB, where 
they are most widespread and commonly occur 
in the Lapponian formations (Mikkola 1941 , 
Rastas 1984, Lehtonen et al. 1984, 1985, Pih
laja and Manninen 1993) and in Kuusamo 
(Pankka and Vanhanen 1992) , and there are 
abundant indications of hydrothermal altera
tion in barren rock areas (Meriläinen 1961 , 
Sarapää 1980, Lehtonen et al. 1985 , Tuisku 
1985). In addition , alteration has been studied 
in connection with exploration in the CLGB, 
especially related to gold deposits (Härkönen 

and Keinänen 1989, Ward et al. 1989, Korvuo 
1991 , Nurmi et al. 1991, Korkiakoski 1992). 

No trench excavation or drilling had been 
carried out at the present sites befo re the start 
of the "Adinole Research" subproject, and only 
two of the sites, Eksymäselkä (Reino 1973) and 
Isolaki (Niku1a 1988), had been objects of de
tailed investigations. Most of the sites had been 
surveyed to a limited extent, however, in con
nection with regional surveys. Previous re
search had predominantly been concentrated on 
the stratigraphy of the greenstone belt and the 
determination of the general extrusion condi
tions and depositional environments of the vol
canic rocks (Kali io 1980, Kali io et al. 1980, 
Kärkkäinen 1980, Sarapää 1980, Lehtonen et 
al. 1984, 1985 , 1989, 1992, Saverikko 1988, 
Räsänen et al. 1989, Ward et al. 1989) , descrip
tion of the regional structure of the Earth 's 
crust (Lanne 1979, Elo et al. 1989), and de
scription of the depositional environments of 
the sediments (Kortelainen 1986, Nikula 1988). 

The present research 

The present sites represent areas where 
hydrothermal alterations, which are typica l of 
a number of ore deposits and their wall rocks, 
apparently affected the barren greenstone belt 
rocks. The lithological units were thoroughly 
altered during the early stages of their evolu
tion , before the regional metamorphism. The 
main aims of the research were to elucidate the 
progression and conditions of the alteration, to 
find differences in alteration processes between 
the sites, to identify the effects of the regional 

metamorphism and, if possible , to connect the 
alteration processes with the general geological 
history of the CLGB. 

The research methods employed were de
tailed outcrop mapping , geophysical ground 
surveys, microscopic petrographic investiga
tions , establishment of the primary nature of 
the rocks by mineralog ical and chemical corre
lations , determination of the alteration tem
peratures and press ures by geobarometry and 
geothermometry, and interpretation of the whole 
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rock chemical data including mass balance 
calculations. The mineralogical and chemical 
composition and texture of the rocks in the 
areas concerned were compared with the results 
of experimental and theoretical alteration re
search carried out in bedrock areas that are 

known to be hydrothermally altered and areas 
that are hydrothermally active. 

Several attempts were made to date the car
bonation processes by the U-Pb and Pb-Pb 
methods. The only potentially radioactive min
eral formed during this alteration stage and 
occurring in sufficient amounts for separation 
is rutile, however, and its radioactivity , in the 
sampies studied , was found to be too low for 
reliable dating (H. Huhma, oral comm. 1993). 

The sites were selected and most of the de
tailed fieldwork was carried out by Matti 1. 

Lehtonen (GSF), except for the Palovaara area 
where Pentti Rastas (GSF) chose the sites, did 
the fieldwork and planning and supervised the 
diamond drilling and preliminary research. 

Most of the fieldwork was carried out in 1985-
1987 and involved geological outcrop map
ping, trenching and geophysical ground sur
veys. Diamond drilling was performed only in 
the Palovaara area. The geophysical methods 
used were magnetic, AMT, VLF-R and gravi
metric measurements (Lehtonen 1989b). The 
present author performed complementary field
work at Eksymäselkä, Myllyvaara and Sivakka
vaara in 1987, reviewed al I the areas in 1991-
1992, studied the thin sections, and processed 
the chemical data and calculated the mass bal
ances and the mineral formulae. 

Preliminary results of the subproject have 
been published in Finnish by Lehtonen (1987, 
1988, 1989a), Lehtonen and Manninen (1986), 
Lehtonen and Rastas (1987, 1988), Lehtonen et 
a1. (1989) and Eilu (1990) and in English by 
Eilu (1992, 1993) and Lehtonen et al. (1992). 
The present paper is the final report of the 
subproject. 

Terminology 

Adinole 

According to Rosenbusch (1923) , adinale is 
a country rock that has undergone metasomatic 
alteration under the effect of the intrusion of a 
dyke (commonly albite diabase). In spite of this 
definition, the term has repeatedly been used as 
a general name for albite-rich rocks of various 
or unknown origin, e.g. , for altered dykes them
selves 01' rocks not in contact with any dyke. 
Examples of this kind of sensu lara and partly 
inaccurate use are abundant in unpublished 
field reports and drill-log reports deSCl"ibing the 
rocks of the CLGB, and also occur in some 

publications (e.g., Lehtonen et al. 1984 and 
1985, Pihlaja and Manninen 1993). The adi
noles sensu stricro only constitute a small part 
of the altered rocks at the present sites. The use 
of the term adinole is thus kept to a minimum 
here and it is not used as the name of a Iitho
logical unit. 

The prefix meta-

The lithological units described here have 
undergone metamorphism and, with a few ex
ceptions, also hydrothermal alteration to vary
ing degrees. All the rock names should there
fore carry the prefix meta-. For simplicity and 
in order to avoid tautophony this prefix is not 
used, however. Thus, the terms sediments and 
volcanics , for example, as used in this paper 
refer to metasedimentary and metavolcanic 
rocks. 

Orthospilite and hyalospilite 

Spilite is an altered basalt, in which albite 
together with chlorite, actinolite and epidote or 
other low-temperature hydrous minerals has 
replaced its primary magmatic minerals, and is 
typically enriched in Na and Hp and depleted 
in Ca as compared to unaltered basalts (Fiala 



1974, Vallance 1974, Reed 1983, Bates and 
Jackson 1987). Cann (1969) classifies spilites 
into two categories: orthospilites, altered low
grade basalts in which tremolite-actinolite has 
replaced the primary Fe-Mg silicates, and 
hyalospilites, in which they have been replaced 
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by chlorite. Small amounts of chlorite may 
occur in orthospilite and small amounts of am
phibole in hyalospilite. The primary feldspar 
is replaced by albite and the primary Ti -bear
ing magnetite by sphene ± Ti-poor magnetite 
in both types. 

MATERIAL AND ANALYTICAL TECHNIQUES 

A total of 1095 sampies were selected from 
the varoius Iithological units and alteration type 
units in the target areas (Table I). The sampies 
were taken from outcrops and trenches by a 
mini-drill, except for those from Palovaara 
which were selected from diamond drill cores. 
780 sampies were selected for preparation of 
thin sections (mostly polished) and 557 for 
whole rock analyses (Table 1). Density, mag
netic susceptibility and remanence were meas
ured in each sampIe. Matti 1. Lehtonen (GSF) se
lected most of the sampies, and Pentti Rastas (GSF) 
selected those from Palovaara . The author of 
the present study selected complementary sam
pies for whole rock chemical analyses and thin 
sections , and sam pies for mineral analyses and 
U-Pb dating. The thin sections were prepared in 
the laboratory of GSF at Rovaniemi and the 
Department of Geology at Oulu University. 

The whole rock analyses were carried out in 
several sets in 1985-1988. All major and some 

trace elements (S , Cu, V, Zr) of the whole rock 
sampies were analysed by the XRF method at 
the Raahe research laboratories of the Rauta
ruukki Company. In addition , Br, Sb, As, W, 
Mo, Cs, Rb, Ba, Ag, Au , Zn , Co, Ni , La, Sm, 
Lu, Sc, Ta, Cr, Sn, U and Th were analysed 
using the instrumental neutron activation 
(INA) facilities of the State Technical Re
search Center (STRC) in Espoo. The reliability 
of the analytical results for each element an
alysed in each sampie was determined at 
STRC. The detection limits for each element 
differed from sampie to sampie as a result of 
interference from other elements , and are thus 
difficult to specify. A number of duplicate 
sam pies were analysed and the relative preci
sion was generally 2-5 % for the main compo
nents (0.5-3 % for Si0

2
) and 5-30% for the 

trace elements. The contents of Mo, Ag, Au , 
Zn , Lu and Sn were in most cases found to be 
too low for reliable analytical results and the 

Table I. To tal numbe r of sampies selected, thin sections, whole rock ch~mical analy ses and REE analy ses from the 
site s. 

Site 

Eksymäse lk ä 
Mylly vaara 

Lehtovaara 
Siv akkavaara 
Ho nkavaara 
Jsolaki 
Pal ovaara 
Total 

Sampies 
selec ted 

302 
143 
173 
141 
139 
34 
163 
1095 

Thin sections 

2 3 1 
125 

67 
87 
83 
24 
163 
780 

Whole rock REE analyses 
analy ses 

143 4 8 
76 19 
67 0 
72 8 
7 1 7 
18 2 
110 45 
557 129 
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data of these trace elements were therefore not 
used in the present study. 129 whole rock REE 
analyses (La, Ce, Nd, Sm, Eu, Tb, Yb, Lu) were 
carried out at STRC using the INA method 
(Lehtonen 1989b). 

Mineral analyses of 65 sampies were carried 
out with the Jeol JXA-733 Superprobe instru
ment at GSF in Espoo. The analytical condi-

tions for silicate minerals were an accelerating 
current of 15 kV, a sampIe current of 25 nA (for 
silicates) or 20 nA (for carbonates) and a beam 
diametre of 10m. Natural si I icates and carbon
ates were employed as standards. The formulae 
of amphiboles and chlorites were calculated by 
the RECALC program of Powell and Holland 
(1988). 

REGIONAL GEOLOGICAL SETTING 

Geological investigations of the CLGB have 
been carried out since the beginning of this 
century (M i kkola 1937, 1941, and references 
therein). The first regional descriptions were 
given by Hackman (1925, 1927) and Mikkola 
(1941). The bedrock of northern Finland is 
composed of a few main units (Fig. I): (I) the 
Archaean Basement Complex (3.1-2.5 Ga) con
sisting of granitoids, migmatitic gneisses and 
minor greenstone belts, (2) the Palaeoprotero
zoic greenstone belts (2.5-1.8 Ga), (3) mafic 
intrusions (2.4-2.0 Ga), (4) the Palaeoprotero
zoic granulite belt (ca. 1.9 Ga), and (5) Sveco
karelidic orogenic granitoids (1.9-1.8 Ga) 
(Tyrväinen 1983, Silvennoinen 1985, Skiöld 
1987, Räsänen eL al. 1989, Ward et al. 1989, 
Huhma and Meriläinen 1991, Manninen 1991, 
Lehtonen et al. 1992). The CLGB is one of the 
most extensive units in the Palaeoproterozoic 
greenstone belt domain. 

The CLGB is roughly 150 km long and 50-
80 km wide, and it reaches to a depth of 5-6 km 
(Lanne 1979) . It comprises a texturally well
preserved volcano-sedimentary rock sequence, 
wh ich was emplaced in the rifted Archaean 
basement approx. 2.5-1.8 Ga ago. It is part of 
a linear, NW-SE trending zone of separated 
metavolcanite basins extending from Lake 
Onega, Ru ss ia , to Finnmark, northern Norway 
(Fig. I) (E lo et al. 1989, Manninen 1991 , Leh
,onen et al. 1992). According to Lehtonen et al. 
(1992) the rocks of the CLGB can be divided 

as follows in five major units , the Lower, Mid
dIe and Upper Lapponian, the Lainio, and the 
Kumpu units (Fig. 2): 

1. The Lower Lapponian unit consisting of 
komatiitic and tholeiitic basaltic, andesitic and 
dacitic volcanics rests unconformably on the 
Archaean basement. A V-Pb zircon age of 2526 
± 46 Ma from a dacite has been regarded as the 
age of the felsic volcanism and the minimum 
age of 2.44 Ga for the Lower Lapponian rocks 
is given by the Koitelainen layered igneous 
complex , which has intruded into the unit. 

2. The Middle Lapponian unit consisting of 
sediments - quartzites , siItstones, phyllites and 
carbonate rocks - overl ies the Lower Lapponian 
rocks. The sedimentation environments were 
dominantly shallow marine. The time of the 
sedimentation can be confined between the lim
its of 2.44 Ga (Koitelainen igneous complex) 
and approx. 2.2 Ga (albite diabases intruding 
the sediments). 

3. The Upper Lapponian rocks are predomi 
nantly volcanics, but sediments are found in 
places . Locally the contacts with the Middle 
Lapponian rocks are gradational. The lower
most part of the Upper Lapponian unit consists 
of komatiites and picrites. Locally , however, 
there are lamprophyres in low stratigraphie 
positions cutting the Middle Lapponian sedi
ments. It is possible that the Vpper Lapponian 
magmatism was in fact started by a non-volll 

minolls alkaline phase manifested by the lam-
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Fig. 2. Central part of the Central Lapland greenstone bell. The study sites are indicated by open circles. Modified after Lehtonen et 
al. (1992). 

prophyres. The komatiites and pierites are 
overlain by iron tholeiites, whieh are in turn 
overlain by banded iron formations. The Fe 
tholeiites and iron formations are followed by 
Mg tholeiites. There are no reliable radiometrie 
datings of the lamprophyres, nor of the mafie 
and ultramafie volcanies. Intensive diabase 
magmatism, ehemieally very similar to that of 
the Fe tholeiites, took plaee approx . 2200 Ma 
aga (zireon and sphene ages). The U-Pb zireon 
age of 2012 ± 3 Ma of a felsie magmatism gives 
the minimum age for the upper part of the 
Upper Lapponian unit. The mafie volcanies are 
eut by approx. 2060-20 I 0 Ma old diabases (zir
eon ages) and all the Lapponian sueeessions are 
eut by approx. 1920 Ma old (zireon ages) felsie 
porphyries. 

4. The rocks of the Lainio unit were depos
ited diseordalltly on the Upper Lapponian vol
eanies in the western part of the CLGB (west 

of the area eovered by Fig. 2), The unit is 
eomposed of f1uvial sediments and K-rieh vol
eanies. The age of the volcanies is 1883 ± 5 Ma, 
and thus they erupted during the synorogenic 
stage of the Sveeokarelidie igneous aetivity. 

5. Fluvial and alluvial sediments, mainly con
glomerates and sandstones of the Kumpu unit, 
were deposited diseordantly on the older units. 
Datings of zircons deposited in the Kumpu 
sediments show Pb-Pb ages of 2066-1913 Ma. 

A rift-related origin has been proposed for 
the mafie and ultramafie volcanies and for the 
terrestrial sediments of the intracratonie CLGB 
(Räsänen et al. 1989, Ward et al. 1989, Gaal 
1990, Manninen 1991 , Lehtonen et al. 1992, 
Pankka 1992). The belt never developed to the 
point where new oeean erust formed, at least 
not in notable amounts , although pillow lavas 
indieate widespread subaqueous and tidal sedi
ments indicate marine eonditions (Räsänen et 
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al. 1989, Lehtonen el aJ. 1985 , 1989, Nikula 
1988). The extensional phase of the rift, with 
alkaline, komatiitic and lholeiitic magmatism 
las ted from approx. 2.5 Ga to 2.0 Ga before 
present (Ward et aJ. 1989, Korja et a1. 1993). 

As shown later on in this study, diagenetic 
albitization of the primary feldspars destroyed 
the provenance information of the Middle Lap
ponian sediments. Synmagmatic hydrothermal 
alteration occurred during magmatic episodes 
2.5-2.0 Ga ago (Ward et al. 1989), but in the 
central part of the CLGB it was most extensive 
during the Upper Lapponian magmatism 2.2 Ga 
ago, resulting in spilitic mineral associations in 
igneous rocks and carbonation and intensive, 
overprinting albitization in their wall rocks. 
These alterations were soon followed and fur
ther overprinted by sericitization. A few Cu and 
Cu-Co deposits, like Pahtavuoma in Kittilä 
(lnkinen 1979) , were formed during the syn
magmatic hydrothermal alteration stage. 

Collision during the Svecokarelian orogeny 
resulted in rift closure and regional metamor
phism about 2.0-1.8 Ga ago. Gold mineraliza
tion and potassium enrichment due to meta
morphic fluid circulation resulting in sericite
biotite alteration assemblages took place dur
ing and after the deformation peak (Härkönen 
and Keinänen 1989, Ward et a1. 1989, Nurmi et 
a1. 1991 , Korkiakoski 1992, Pankka 1992). 
Brittle deformation , concentrated in some frac
ture zones possibly related to the postorogenic 
granites l.77 Ga ago , was the final phase in the 
development of the greens tone belt (Ward et al. 
1989). 

Seven areas were selected for detailed study 
of the alteration phenomena. The main basis for 
the selection was the fact that the albitized and 
carbonated rocks of the CLGB are dominantly 
found in the transitional zone from Middle to 
Upper Lapponium, but little was actually 
known about the detailed geology of the sites. 
Most of them (Fig. 2) represent analogous 
stratigraphic positions: 2.2 Ga old albite dia
bases cut Middle Lapponian sediments , which 

at some sites are covered by U pper Lapponian 

volcanics. The sediments are also cut by lam
prophyres, probably of Upper Lapponian age. 
The Iso laki site represents a different strati
graphic position with an albite diabase partly 
covered by sediments of the Kumpu unit. These 
seven areas were selected for the following 
additional reasons: 

I . Eksymäselkä: Exploration drilling had 
shown an occurrence of albite rocks nearby . In 
the area, albite diabases and "a lbitites" were 
known to occur in outcrops (Reino 1973) and 
brecciated albite-carbonate rocks of unknown 
origin were found as boulders (Lehtonen and 
Manninen 1986). 

2. Myllyvaara: Brecciated albite-carbonate 
rocks, similar to those at Eksymäselkä, as boul
der fields , and biotite-bearing, reddish "diaba
ses" (ac tually lamprophyres) , also as boulder 
fields, were found in the area (Lehtonen and 
Manninen 1986). 

3. Lehtovaara : An albite diabase has intrud
ed Middle Lapponian quartzites . Alteration 
could not be observed by macroscopic investi
gation (Lehtonen and Manninen 1986) , but was 
supposed to be found by thin section and geo
chemical investigation. 

4. Sivakkavaara: The Middle Lapponian 
quartzite has been thoroughly and widely albi
tized , but the total volume of known albite 
diabases was relatively small in comparison 
with the other study sites (Lehtonen 1987). 

5. Honkavaara : The albite diabases cut both 
Middle Lapponian and Archaean (2.7 Ga) 
rocks. Brecciated albite-carbonate rocks ane 
pale albite rocks of volcanic origin occur wide
Iy in outcrops and boulders , but their relations 
to the 2.2 Ga albite diabases and the 2.7 Ga 
altered felsic volcanics was unknown (Lehto
nen 1987). 

6. Isolaki: The stratigraphic position differs 
from that of the other study sites: The 2.2. Ga 
albite diabase is in contact with the Kumpu 
sediments. The albite diabase was believed to 
have intruded in the sediments and albitized 
fragments were found in the Kumpu conglom

erate. Albitization thus seemed to have taken 



place before the intrusion and was unrelated to 
the diabase (Lehtonen 1987). The radiometrie 
age determinations from sediment elasts were 
not available at the time. 

7. Palovaara: A sequence from Middle Lap-
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ponian sediments to Upper Lapponian volcanic 
rocks exists in the area (Lehtonen et al. 1984). 
Au showings and albitized and carbonated 
rocks were found in surrounding areas (Härkö
nen and Keinänen 1989). 

DESCRIPTION OF THE AREAS STUDIED 

The stratigraphie position of the areas studi
ed is roughly similar and they have several 
lithological features in common. All intrusive 
bodies are dykes, mostly albite diabase . At all 
study sites, there are sedimentary units, both 
quartzites and siltstones. Mafic lava, lampro
phyre , phyllite, sedimentary carbonate rock , 
and conglomerate occur only at so me of the 
study sites, but all these rock types are found 
within a few kilometres from each area. 

Thin section investigations show that the 
textures and mineral associations formed dur
ing the secondary alterations are similar at all 
study sites. The mineral assemblages of even 
the least altered rocks were formed by altera
tion processes and were partially recrystallized 
during greenschist facies regional metamor
phism. The alteration types are classified on the 
basis of their diagnostic minerals. This method 
facilitates comparison of the areas studied, and 
comparison with other altered areas and with 
experimental research. The common alteration 
types found are formation of amphibole zones, 
chloritization , biotitization, albitization , car
bonation, and sericitization, which are all com
mon in numerous hydrothermally altered areas 
and ore deposit environments (e.g., Cann 1969, 
Fyon and Costa et al. 1983, Reed 1983, Colvine 
et al. 1988, Kalsbeek 1992). Figure 3 shows 
photomicrographs of the dominant alteration 
types. 

The width of alteration zones varies from 
millimetres to hundreds of metres. Up to 20 cm 
wide alteration haloes occur around single 
filled fractures. In places, wider zones are con
nected to fi lied fracture frameworks . Zones 

formed at different stages frequently overlap 
each other, but except for the thorough albiti
zation of sediments they mostly follow the 
strike of the dykes . The boundaries of the al
teration zones are nearly always gradual. 

Polyphasie brittle deformation is connected 
with the early evolution of the areas studied. 
Early brecciation predates all secondary altera
tion, but fracturing and brecciation also took 
place during the alteration stages. Ductile de
formation took place after the secondary altera
tions in all areas. This is indicated by the for
mation of schistosity in the fracture fillings and 
in the alteration zones of all alteration stages. 
Only at Palovaara the ductile deformation had 
major effect on rock textures, but weak signs of 
it were also recognized at Eksymäselkä and 
Lehtovaara. Regional metamorphie greenschist 
facies recrystallization took place in all areas 
except Isolaki, but the recrystallization grade 
was in most cases so low that significant de
struction of the alteration textures and mineral 
assemblages did not take place. 0 signs of 
metamorphic or post-metamorphic alterations, 
like rearrangement or formation of new altera
tion zones, were found. The ti ny and scarce 
calcite-filled fractures are the only evidence of 
brittle deformation following the ductile phase. 

In order to understand the alteration process
es, it is necessary to establish the chemical 
composition of the altered rocks prior to their 
alteration. Several common discrimination dia
grams, like the AFM diagram of Irvine and 
Baragar (1971) or the T AS diagram of Le Bas 
et al. (1986) , are essentially based on elements 
- like the alkaline metals - which are highly 
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Fi g. 3. Ph otomicrog raph s of the dominant alteration types at the stud y s it es. Abbreviations: Ab = albite , Ac = ac tin o lite, 
AH = actinolitic hornble nde, Bt = bi otite, Cb = carbo nate , Ch = chlorite, Ep = ep idote, Qz = quartz, Py = pyrite, Rt = rutil e, 
Se = ser ic ite, Tc = talc. A : Amphibole zone in weakly fractured a lbite diabase, Eksy mäse lkä. Plane-po lari zed light. B: 
Chloriti zation and biotitization. All opaque grains are magnetite . Moderately fractured albi te diabase , Eksymäselkä. Pl a ne-polarized 
li ght. C: Carbonat ion and albitization . All opaque g rains are rutile . Moderately fr ac tured albite diabase, Eksy mäselkä. 
Plane-po larized li ght. D: Sericite replacing carbonate in moderately fracturecl albite diabase. Eksymäselkä. Crossed polarizers . 
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Fig. 3. Continued. E: Least altered si ltslOne; quartz elasts in biotite-sericite matri x. Biot itc-seri cite zone, 
Myllyvaara. Crossed polarizers. F : Weakly albiti zed and carbonated siltstone . A bleached spot of quartz-albitc
carbonate in the least altered rock, Myll yvaara. Crossed polari zers. G: Intensively albitized and carbonated 
silt stone cons isting of only albite and Fe dolomite, Myllyvaara. Crossed polari zers. H: Jntensively albiti zed 
si ltstone with tale and quartz in fractures. Myllyvaara. Crossed polarizers. 
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Fig. 3. Cont inued. I: Chloriti zed lamprophyre where chlorite has partially replaced carbonate, Myllyvaara. 
Plane-polarized light. J : Replaccment of hydrothermal actinolite and chlorite by epidotc and actinolitic 
hornblende formed in regional mctamorphism. Amphibo le zone, weakly fractured albite diabase, Lehtovaara. 
Plane-polarized light. K : lntensive ly sericitized and moderalely pyritized metasedimcnt where most ofthe pyrite 
and quartz occur in fractures. Very fine-grained rutile clusters occur in sericite. Palovaara. Crossed polarizers. 



mobile in alteration processes . Because com
pletely unaltered rocks are exceedingly rare in 
the areas of the present study, the igneous rocks 
were classified by using diagrams based on the 
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least mobile elements. In addition, the use of 
the least altered sampies allowed use of el
ements that were obviously mobile during in
tensive stages of alteration . 

Eksymäselkä 

General structure od, Kallio 1980). The lava units of the western 
and northern parts of the study site (the Fe-Ti 

The bedrock of the site is composed of Mid- tholeiites) are assumed to be comagmatic with 
dIe Lapponian sediments and tuffites, of Upper and of the same age as the albite diabase be-
Lapponian a lbite di abase that has intruded in cause the chemical data (Figs. 5 and 6, Table 3, 
the sediments and tuffites , and of Upper Lap- p. 57) indicate strong si milarity between them . 
po ni an mafic lavas (Fig . 4). The zircon age of The primary sedimentary textures are badly 
the albite di abase is 2.214 ± 2 Ga (U-Pb meth - damaged by brittle deformation and alteration. 

EKSYMÄSELKÄ 131c::> OJ 33" 
~165 132 

v 

v 

v 

36 

Alblle diabase 
Inlermedlale dlfferenllale of 
alblle diabase ( alb lIlIe ) 
Ultramafi c differenliale of 
albile diabase 

Fe -Ti Iholeiilic lava 

Fe Iholeiilic lava 

MIDDLE LAPPONIAN 

1--I Melaluffiles and melasedimenls 

~ Conlacl 

_-- Gradual conlacl 

0 123 Oulcrop 

= 54 Trench 

_- Faull 

Fig. 4. Geology of the Eksymäselkä site with outcrop and trench numbers. Natural outcrops occur only at the western and northern 
margins of lhe area. The geological map is therefore chiefly based on excavated trenches and geophysical surveys. Previous studies 
of the area by Reino (1973), Lehtonen and Manninen (1986), Lehtonen (1988, 1989a), and Ei lu ( 1990, 1992). 
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The strike of the sediments is roughly N-S, but 

the dip is obseure. In the closest vieinity of the 

a lbite diabase, the layered strueture is extreme

Iy eonfused beeause of the intrusion of the 
diabase into the sediment sequenee. The most 
felsie types of the diabase - the albitites - oeeur 

without an exeeption on the eastern side of the 
intrusive (Fig. 4), henee, the stratigraphie top 
was to the east when the diabase magma intrud

ed to its present surroundings. Aeeording to the 

geophysieal surveys, the dip of the intrusive is 
steeply to the west. 

Brittle deformation dominates in the whole 
area studied; eaeh lithologieal unit is variably 
breeeiated, both on a large and a small seale. A 
weak duetile phase followed the brittle defor
mation stages. It is possible to see duetile de

formation only loeally in strongly altered parts 
of the mafie la vas at the northern margi n of the 

area and in the ultramafie eumulate of the albite 
diabase where sheet si I ieates ha ve partially 

reerystallized, forming a weak sehistosity. 

Mafie lavas and albite diabase 

The mafie lava units ean be divided in two 

ehemieal ly distinet tholeiite groups (Table 3, p. 
57). High Ti and Fe eoneentrations are eharae
teristie of the lava of the northern and western 
part of the area studied. In the lava of the east

ern part, the Fe and Ti eoneentrations are low
er, but, aeeording to the Jensen eation plot dia
gram (Fig. 5), this unit is also a Fe tholeiite. 
Consequently , the lava units of the northern 
and western part are ealled Fe-Ti tholeiites and 

the eastern lava unit Fe tholeiite (Fig. 4, Table 

3). In the Si02 vs. Zr/Ti0
2 

diagram (Fig. 6) the 
lava and albite diabase sam pIes are in the sub
alkali ne field. 

Albite diabase is the sole intrusive rock at 
Eksymäselkä. Ultramafie a nd intermediate eu
mulates , originally olivine-dominated ultrama
fie and plagioclase-dominated intermediate types , 
are related to the mafie albite diabase intrusive 
(Fig. 4). 

The primm'y texture of the Fe-Ti tholeiites is 

A Albite diabase 

V Fe-Ti tholeiite 

E Fe tholeiite 

MgO 

Fig. 5. Albite diabase and tholeiitic lavas from Eksy mäselkä 
on the Jensen ca tion plot diagram (Jensen 1976). 

massive and porphyritie ; the phenoery sts were 
originally plagioclase and elinopyroxene. The 
tex ture of eoarser-grai ned Fe-Ti tholei i tes 
highly resemble that of albite diabase shown in 
Figure 3A. The texture is intergranular and 

phenoerysts ean no Ion ger be found in the Fe 

tholeiite. Maeroseopieally , the Fe-Ti tholeiites 
are massive or pillowed and the Fe tholeiites 
massive. The texture of the least altered types 
of albite diabase (Fig. 3A) is intergranular 01' 

subophitie (terminology of igneou s tex tures 
after MaeKenzie et al. 1982). These primary 
textures are best preserved in the mafie types 
and moderately weil in the intermediate eumu
lates. The primary texture of the ultramafie 

eumulate has been totally altered: it is now 

lepidoblastie-granoblast ie and weakly foliated . 
The mineral assoeiations of the leas t altered 
lava and albite diabase types are: 

Fe-Ti tholeiite: albite + tremolite-aetinolite 
+ epidote + magnetite + sphene 

Fe tholeiite: albite + chlorite + magnetite 

Albite diabase (mafie type): albite + tremo
lite-aetinolite + epidote + magnetite + ilmenite 

Intermediate eumulate of albite diabase: a l
bite + chlorite + magnetite ± quartz 
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Fig. 6. SiO,-ZrfTiO, diagram for albite diabase and tholeiitic lavas form Eksymäselkä. Fields after Winchcster and 
Floyd ( 1977). SiO, was recalculaled on volatile-free basis. 

Ultramafic cumulate of albite diabase: tale + 
chlorite + Fe dolomite + magnetite ± calcite . 

Sed ime n ts an d p yroclast ites 

The sediments and tuffites are variably al
tered and occur in the vicinity of the albite 
diabase as highly altered beds , which only in
directly show their primary nature. In the cen
tral parts of the area studied, the alteration 
intensity is lower and there one can see that 
these rocks are dominantly sediments , locally 
including volcanic material. The texture of the 
least a ltered sediments is blastoclastic and 
banded . Their dominant mineral associations 
reflect thorough albitization: 

Quartzite : quartz + albite ± sericite 
Siltstone: quartz + albite + biotite ± sericite 
Tuffite: quartz + albite + chlorite ± biotite. 

A lterat ion ty pes 

Five alteration types can be distinguished on 
the basis of the occurrence and replacement 

re lationships of secondary minerals (Figs. 3A-
3D). In the albite diabase and mafic lava these 
are amphibole, chlorite-biotite, carbonate , and 
sericite alteration and in sediments and tuffites 
chlorite-biotite, intensive albite , carbonate, 
and sericite alteration (Fig. 7). The chemical 
compositions of the lithological units in differ
ent alteration zones and alteration zone combi
nations are presented in Tables 3-5 (pp. 57-59). 

I. The amph ibole zon es (Fig. 3A) represent 
the least altered diabase and lava . Their mineral 
association is equal to the typical greenschist 
facies orthospilite assoc iation (Cann 1969) and 
was formed when tremolite-actinolite replaced 
primary Mg-Fe silicates (olivine and pyroxene) 
and albite ± epidote replaced primary plagio
cl ase. Primary magmatic textures are unaltered , 
rocks are only weakly brecciated . Fractures are 
filled with epidote and albite. 

Amphibolization as such is rare: amphibole 
only occurs in the inner parts of the albite dia
base and Fe-Ti tholeiite units , and even there it 
is overlapped by weak chloritization and bioti-
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200 m 

Fig. 7. Alteration types at Eksymäselkä. 

tization . The typical mineral association in the 

amphibole zones is: 
albite + tremolite-actinolite + epidote + mag

netite + chlorite ± biotite. 
2. The chlorite-biotite zon es (Fig. 3B) cover 

most of the area studied (Fig. 7). Within these 
zones, chlorite has replaced the primm'y Mg-Fe 
si licates (ol ivine and pyroxene), secondary am

phibole and epidote, and albite have replaced 
p lagioclase and K fe ldspar and, after that, bi
otite has partially rep laced chlorite. Amphibole 
completely disappears from the mineral asso
ciation at the margin of the amphibole zones . 
Epidote disappears gradually after amphibole, 

with increasing intensity of chloritization. In 
the most fractured , <0.5 m w ide zones, chlorite 
and quartz have nearly comp letely replaced 

a lbite. White K mica with a composition simi-

Amphibole 

Chloritization ± bio ti t izat ion 

Intensive albitization 

Intensive or moderat e c arbonation 

Weak earbonation 

Serieitization 

Primary lithologie al eontae t 

Primary gradual li tholo gie a l eontae t 

Outerop 

= Trench 

_- Fault 

lar to that of the diagnostic mica of the se rici

tized zones occurs in quartzites and siltstones. 
In contras! to the sericitized zones, the K mica 
of the chlorite-biotite zones does not occur as 
fracture fill nor replacing other silicates or 
carbonates , but fonns part of the matrix , and is 
most probab ly related to the diagenesi s of the 
sediments . 

The mineral association and texture of the 
most chloritized lava closely resemb le that of 
the hyalosp ilite of Cann (1969). The textures of 
sediments a nd tuffites are blastoclastic and 
layered (as in Fig. 3E). The typical minera l 
association in the chlorite-biotite zo nes are: 

Albite diabase and Fe-Ti tholeiite : albite + 
chlorite + magnetite + ilmenite ± biotite ± 
quartz 

Fe tholeiite : albite + ch lorite + magnetite 



Tuffites: albite + chlorite + quartz ± biotite 
Quartzite: quartz + albite + muscovite 
Siltstone : quartz + albite + biotite ± musco-

vite. 

The brecciation is clearly more intensive in 
the chlorite-biotite zones than in the amphibole 
zones (cf. Figs. 3A and 3B). The textures are 
variably fractured and the larger (>0.5 mm) 
albite crystals have a chessboard texture or are 
replaced by aggregates of tiny albite crystals. 
The primary magmatic texture is , however, still 
recognizable in most cases. Fractures are filled 
with chlorite + biotite and quartz ± albite ± 
pyrite ± chalcopyrite. Weak brecciation with 
quartz-filled fractures occurs throughout the 
sediments and tuffites . 

3-4. In the carbonated zones (Fig. 3C), Fe
bearin g dolomite and calcite replace all the 
other minerals except quartz and zircon, and 
dolomite is the dominating carbonate. If any 
epidote 01' sphene was present in the rocks, 
these minerals were totally altered during the 
first stages of carbonation. Chlorite, biotite and 
magnetite , in this order, were replaced next. In 
addition , the rocks were albitized , the igneous 
ones weakly and the sediments and tuffites 
intensively (as in Figs. 3F-3H). Si0

2 
was re

leased and crystallized as quartz in the frac
tures. The mineral associations and textures of 
the chlorite-biotite zones are observable only in 
the weakly carbonated zones. The mineral as
sociations of the most carbonated zones are: 

Albite diabase, its intermediate cumulate, 
tholeiites: albite + carbonate + quartz + rutile 

Ultramafic cumulate of the diabase: carbon
ate + talc + magnetite ± rutile 

Sediments and tuffites: albite + quartz + 
dolomite + magnetite 01' haematite ± rutile ± 
calcite. 

The primary textures were gradually de
stroyed, replaced by granoblastic textures and 
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brecciated during carbonation and albitization. 
Alteration is concentrated in zones brecciated 
before the carbonation . Therefore , there are 
always both fractures filled with chlorite, bio
tite and quartz, related to pre-carbonation brec
ciations and fractures related to albitization and 
carbonation and filled with quartz ± albite and 
carbonate ± quartz. Some fractures related to 
albitization + carbonation also include small 
amounts of pyrite and chalcopyrite. 

5. Fine-grained K mica has replaced albite, 
biotite, chlorite and carbonates , especially Fe 
dolomite, in the sericitized zones. The altera
tion grade is weak and all pre-sericitization 
features are identifiable. Sericitization and 
carbonation commonly overlap (Fig. 3D); the 
chlorite-biotite zone rocks have been serici
tized without a carbonation inter-stage in only 
a few localities. The mineral associations of the 
sericitized zones always contain, in addition to 
sericite, minerals of other alteration zones. 
Weak chloritization is related to the sericitiza
tion: in places chlorite replaces carbonate in
stead of sericite. Weak brecciation with serici
te -filled fractures with is related to the altera
tion stage. 

Regional metamorphie recrystallization 

The regional metamorphic, isochemical re
crystallization has affected the Eksymäselkä 
area in places. Actinolitic hornblende has par
tially replaced tremolite-actinolite (Fig. 3A), 
epidote, biotite and chlorite (as in Fig. 3J) in 
the albite diabase. Biotite has partially replaced 
carbonates , chlorite and early biotite in dia
base, sediments and tuffites . Metamorphic bio
tite and amphibole have , however, formed only 
where biotite and amphibole existed before, 
indicating that the hydrothermal zonation did 
not change during the regional metamorphism. 
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Myllyvaara 

General structure 

The strueture of the Myllyvaara area is sim
ple (Fig. 8). Middle Lapponian sediments , 
mostly siltstone, form the bulk of it and lam
prophyre dykes the remaining parts. The south
ern margin is composed of quartzite, and sev
eral 0.1-1 m thiek quartzite layers oeeur among 
the sediments , too. Two interlayers of polymie
tie eonglomerate were found in siltstone in the 
northern part of the area. Lamprophyre dykes, 
10 cm to 10m in width, oeeur throughout the 
area nearly eonformably among the sedi ments 
and loeally inelude siltstone xenoliths with a 

-- ---------- - ------------------------

size of 0.1-1 m. The age relationship between 
the lamprophyre dykes and the elosest albite 
diabase dykes , 1-2 km away from Myllyvaara, 
is unknown: the eontaets between them have 
not been found . Nevertheles s, the sediments 
were already eon solidated when the lampro
phyres intruded them . This is indieated by brec
ciation in the sediment-Iamprophyre contaets 
and by the laek of plastic deformation , whieh 
would be typical of interaetion between magma 
and uneonsolidated sediments . The strike of the 
bedding is E-W and the dip is steeply to the 
north. On the basis of grading of silt layers, the 
stratigraphie top is to the north . 

100 m 

MYLLYVAARA 

UPPER LAPPO NI AN ? 

_ La mprophyre 

MIDDLE LA PPONI AN 

ffi<B Q uart zi te 

c::=J Conglomera te 

E=-=:=3 Si ltstone 

c::::l Tr ench 
56·85 

Fig. 8. Geology of the Myll yvaara stud y sile wilh trench numbers. The map is based on excavaled lrenches and geophysical surveys 
because natural outcrops are lacking. The Myll yvaara area and its vicinity have previously been described by Kallio el al. ( 1980), 
Kärkkäinen ( 1980) , Leiltonen and Manninen (1986), Lehtonen ( 1988, 1989a), and Eilu (1990, 1992). 



The area of study belongs to a region where 
open folding dominates (Lehtonen e t al. 1984), 
but no indications of ductile deformation were 
found , only brittle deformation . Fracturing is 
thorough in the whole area, being most inten
s ive in the most altered zones. 

La mp ro p hyres 

Two types of lamprophyres occur at Mylly
vaara: according to the Sc/Ta v . Cr/V diagram 
(Fig. 9) a lka line and calc-alkaline lampro
phyre. These differ clearly from the albite dia
bases on the Si0

2 
vs. Zr/Ti0

2 
diagram (F ig. 

10) . Both a lkaline and calc-a lkaline lampro
phyres are found in the whole Myllyvaara area, 
their altered types are petrographically similar, 
and the y do not intersect nor show other indi 
cations of age differences. 

The textures of the least a ltered lampro
phyres are primary magmatic: narrow dykes 
and margin s of wider dykes are biotite-phyric 
and trach ytoidal ; idiomorphic biotite pheno
crysts (s ize 0.5-5 mm ) are bent and contain 
abundant sphene, zircon and opaque inclusions. 
The ground mass consists of feldspar, biotite 
and magnetite . The inner parts of the wider 
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dykes are either hypidiomorphic or intergranu
lar in textute . In two wide dykes, tremolite
actinolite is a chief constituent in addition to 
plagioclase and biotite. Quartz-filled amyg
dales (s ize approx . I mm) were found in a sin-

100 
Sc/Ta 

10 

• • • •• 
• o~ • 

00 

Ca/c-alkaline 

+ + 
++ 

Alkaline + 

0 o 0 
0 

~ 

o 9 

erlV 

0.01 0.1 10 

• Palovaara 0 Lehtovaara + Myllyvaara, 
alkaline 

o Myllyvaara, • Sivakkavaara 
calc-alkaline 

Fig . 9. Lamprophyres from Myllyvaara , Lehtovaara, Si
vakkavaara and Palovaara o n aSe/Ta vs. C r/ V diagram. 
Di scrimin ation is based on the data of Rock ( 199 1). 
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Fig. 10. SiO,-ZrlTiO, diagram for lamprophyres from Myllyvaara and typica l albite diabase of the CLGB from 
Lehtovaara. Fields as' in Figure 6, after Winchester and Floyd ( 1977). SiO, was recalculated on volatile-free basis. 
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g le d yke. The minera l assoc ia ti o ns of the leas t 

a lte red lamp ro ph yres are: 

K fe ldspar + a lbi te + tre mo lite-ac tin o lite + 
bi o tite + epido te + sphene + mag ne ti te + apa tite 

a lbite + tre mo lite-ac tinolite + bi o tite + epi

do te + mag ne tite + sphene + apa tite 

a lbite + bi otite + mag netite + apatite ± qu artz. 

Sediments 

T he texture of th e least a lte red sedime nts is 

bl as toc las ti c and layered . but not fo li ated (Fig. 

3E). T he si ltstone is loca ll y graded and the 

quartz ite is cross-bedded . T here are no obv ious 

ind ica ti o ns of vo lcani c o r p luto ni c sources in 

th e sedime nt s. T he el as ts are mainl y qu artz, 

however, 1-10 vo l. % of a lbi te e las ts are pre

sent. T he matr ix of the q uartz ite co nsis ts of 

a lb ite and seric ite; the matr ix of th e s ilt sto ne 

co ns is ts of a lb ite , serici te and bio tite. T he 

do min ant minera l assoc ia ti o ns of the leas t a l

te red sediments are : 

Quartzite: qu artz + a lbite + muscovite 

S iltstone: quartz + albite + bi o ti te + musco

vite . 

T he conglo mera te is stro ng ly a lte red , and 

thu s the ori gin o f a ll its ang ul ar f rag ments is 

no t ev ide nt. So me of th e frag me nts a re ob vi 

ous ly a lbite d iabase, bu t most of them are prob

ab ly quartz ite and s il tsto ne . T he matrix of th e 

cong lomerate cons ists of a lbite, q uartz , do lo

mite and tale. 

Alteration t y pes 

T he fo llow i ng a l tera ti o n types we re obse rved 

at M y ll yvaa ra: amph ibo le, bi o t ite-se ri c ite, 

weak a lbite-carbona te , inte nsive a lbi te, moder

ate and inte nsive ca rbo nate, and c hl orite- ta le 

a ltera ti o n (Figs. 3E-31). T he most im po rta nt 
a lte ra ti o n zo nes a re shown in Fig ure 11. T he 

c he mi ca l co mpos iti o n of the li th o logical units 

in di ffe re nt a lte rat io n zo nes and a lterati o n zo ne 

co mbin at io ns is prese nted in Tab les 7-9 (p p. 

63-65). 
I . The amphibole zones a re represented by 

th e leas t a lte red la mproph yres. The brecc iati o n 

is weak a nd prim ary mag mati c tex tu res a re we il 
prese rved. T he tex tures a nd minera l associa

ti ons were described in th e ge nera l desc ripti on 

of the la mpro ph yres. The a mphi bole is seco nd

a ry; it has co mpl e te ly re pl aced th e prim a ry 

c linopyroxene a nd ho rnbl e nde c rys ta ls, w hi ch 

can be d istin g ui shed o nl y as pseud o mo rph s. 

So me of the bi o ti te c rys ta ls may be pri mary , 

but part of th e m are seco ndary, for med by re

pl ace me nt o f prim ary bi o tite and c linopy roxene 

or hornbl e nde. 

2. Biotite -sericite zones (Fig. 3E) cover the 

leas t a ltered sedime nts. T he tex tu res are we il 

preserved , th e rocks are ve ry weak ly o r not at 

a ll brecc ia te d . The fr ac tu res a re fill ed w ith 

quartz a nd se ri c ite. The bi o tite see ms to be long 

to the primaI'y minera l assoc iat io n: there a re no 

indicatio ns that it has repl aced , e.g. , chl o rite. 

On the contrary, seri c ite is c learl y a seco nd ary 

mine ra l a ltho ugh it is in equili briu m with a lb i

te: it has o nl y rep laced bi o ti te. The sed ime nts 

conta in no cale ic p lag ioc lase o r K fe ldspar; if 

they di d o ri g in a ll y, a lbite has re pl aced it. 

3. Weak albitization and carbonation (Fi g. 

3F) compri ses f ra mewo rk s of 1-20 c m wide 

bl eached ha loes a ro und fract ures fill ed wi th 

quart z + carbonate + b iot ite ± a lb ite ± hae ma

t ite . Bi o tite , e ri c ite and magnetite have been 

re pl aced by a lb ite and ca rbona te (e hiefly Fe 

do lo mite) in th e si ltsto nes, and biot ite a nd K 

fe ldspa r have been re pl aced by a lbite, mu seo

vi te, qu a rtz and ca rbo na te in the lam pro ph y res . 

Gra noblast ic tex ture has part ly replaced prim a

ry sedime nta ry a nd ig neous tex tures. T he d iag

nosti e m inera l assoc iati o ns a re: 

Siltsto ne: a lbite + qu artz + do lo mi te + rutil e 

± ca lc ite ± b io tite 

Lampro ph yre: a lbite + q uartz + muscov ite + 
do lo mite + ru til e + apa tite ± bi o t ite. 

4 -5. lntensively albitized an d moderately 
or intensive ly carbonated zones ro ug hl y ove r

lap eac h o th er. T he a lte ra ti o n has adva nced 

furthe r in these zo nes as com pared to weak ly 

al biti zed and ca rbo na ted zones: a lbi te, quar tz 

a nd carbo na te re pl aced a ll o th e r mine ra ls ex-



Fig. 11. Alteration types at Myllyvaara. 

cept ruti le and zircon (Figs. 3G and 3H). The 

brecciation was intensive. The fractures are 
fil led with quartz, carbonate and albite. In the 
most intensively altered zones (in siltstone and 
conglomerate), a lbite formed idioblastic crys
tals (Fig. 3G) and the sial re lease from carbon

ated silicates was so intensive that quartz oc
curs , both in fractures and as 5-10 mm wide 

poiki loblasts. The textures have completely 
turned granoblastic ; in lamprophyres , the Ti
rich inclusions , wh ich have been altered to 

rutile, are the only traces left of biotite pheno
crysts, still showing the form of the primary 
phenocrysts. Regardless of the original rock 
type , igneou s 01' sedimentary, the dominating 
mi neral association is: 
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albite + dolomite + quartz + rutile. 
6. C hloriti zation (Fig. 31) and t a le fo rma 

ti on (Fig. 3H) were contemporaneous during 
the latest alteration stage at Myllyvaara. Late 
chlori tization took pi ace in most of the litho
logical units, but talc formation only in the 

most albitized and carbonated zones of silt
stones and conglomerates. In both cases, car
bonate was replaced in an equal manner: as 

crystals of equal size and beginnin g from the 
crystal boundaries of carbonate. Chlorite also 
replaced amphibole, biotite , sericite and am
phibole; and ta lc also replaced albite. In some 
lamprophyre dykes chlorite replaced all the 
other Fe-Mg s ilicates (Fig. 31). Weak breccia
tion is re lated to the alteration stage and frac-
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tu res were filled with either chlorite or tale 
(Fig. 3H).The mineral associations related to 
chlo riti zation and tale formation are: 

Lamprophyre: albite + chlorite + magnetite + 
rutile + apatite 

Sediments: albite + ch lorite + dolomite + 
quartz + rutile, and albite + ta lc + dolomite + 
quartz + rutile. 

Regional metamorphie recrystallization 

Regional metamorphic recrystallization is 
uncommon at Myllyvaara. Metamorphic biotite 
locally replaced chlorite and early biotite in 
lamprophyres ; nematoblastic actinolite (a very 
rare case) replaced both early and metamorphic 
biotite and chlorite in lamprophyres. 

Lehtovaara 

General struct ure 

The bedrock of the Lehtovaara area consists 
of Middle Lapponian quartzite and albite dia
base (Fig. 12) . The radiometric age determina
tions of the diabase have failed to give accurate 
results, although they point to an age of approx. 
2.2 Ga (Kallio 1980). The texture and the 
chemical composition of the albite diabase also 
highly resemble those albite diabases that oc-

UPPER LAPPONIAN 

[,,:..',;j Albite diabase 

1 - I Lamprophyre 

MIDDLE LAPPONIAN 

1·/ 1 Quartzite 

~2 Outcrop 

=52 Trench 

200 m 

cur in adjacent areas and have aU-Pb zircon 
age of 2.2 Ga (Lehtonen et al. 1992). During 
the field survey, a zone of altered mafic rock 
was found in an excavated trench . The rock was 
not immediately identified as a lamprophyre 
dyke and the trench was refilled before the thin 
section and chemical identification were made. 
For this reason , the unexposed diabase-Iampro
phyre contact was not searched for , and the age 
relationship between diabase and lamprophyre 

LEHTOVAARA 

Fig. 12. Geology ofthe Lehtovaara site, chicny bascd on outcrops and geophysical surveys. Only a few short trenches wcre excavated. 
Also the outrop and trench numbcrs are shown. The area has previously been described by Lehtonen and MaJlIlinen ( 1986) and 
Lehtonen ( 1987). The central part of the site shown in Figure 15, is outlined. 



is yet to be solved. 
The quartzite is layered , but no cross bedding 

or any other textures indieating the stratigraph
ie top were found. The regional strueture indi 
eates that the stratigraphie top is to the north or 
north-east (Lehtonen et al. 1984) . 

Brittle deformation dominates at Lehtovaara , 
but the breeeiation is not intense. The rocks are 
mostly unfraetured and the fraeturing is intense 
only in the narrow eontaet zone between 
quartzite and diabase . No faults were found. 
After the brittle phases, weak duetile deforma
tion has taken pi ace, i ndieated by granoblastie 
texture and weak foliation in quartzite . 

Alb ite d iabase 

Chemieally, the albite diabase of Lehtovaara is 
a subalkaline Fe tholeiite (Figs. 13 and 14) and 
analogously to the Eksymäselkä diabase (Fig. 
3A) the texture is dominantly intergranular. At 
Lehtovaara, the dominant mineral assoeiation is 
amphibole-bearing, wh ich is the most signifieant 
differenee as eompared to Eksymäselkä. The fol
lowing mineral assoeiation is typieal of the least 
altered albite diabase of Lehtovaara: 
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albite + tremolite-aetinolite + epidote + mag

netite ± sphene. 

La mp rophyre 

The width of the dyke is 2 m, but the length 
is unknown . Petrographieally and ehemieally 
the rock resembles the ealc-alkaline lampro
phyres of Myllyvaara (Fig. 9, p 27) and differs 

MgO 

Fig. 13. Albite diabase from Lehtovaara on the Jensen cation plot 
diagram (Jensen 1976). 
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Fig. 14. SiO,-ZrrriO, diagram for albite diabase and lamprophyre frorTI Lehtovaara. Fields as in Figure 6, after 
Winchester and Floyd (1977). SiO, was recalculated on volatile-free basis. 
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from the tholeiitic albite diabase (Fig. 14). lts 

texture is biotite-phyric, trachytoidal and 

amygdaloidal with quartz amygdales of 3-5 mm 

in size. The size of the phenocrysts is 0.5-1 

mm. Because the dyke is in a carbonated zone, 

the mineral association is the following , even 

in its least altered parts: 

albite + biotite + chlorite + carbonate + rutile 

+ apatite. 

Quartzite 

The texture of the quartzite is mainly grano
blastic , layered and locally foliated. However, 

a blastoclastic texture with recrystallized elasts 

can still be identified. The elasts are dominant

ly quartz, but albite account for 0-10 vol. % and 

elasts of K feldspar for 0-3 vol. %. The matrix 

is completely recrystallized, consisting of albi

te, quartz and sericite, locally also of biotite. 

Some beds do not contain feldspar , and the 

rock is then a pure sericite quartzite. 

Alteration types 

On the basis of the occurrence and replace

ment relationships of secondary minerals , sev

en alteration types can be distinguished (Fig. 

15). In the albite diabase these types are amphi

bole, chlorite, biotite, carbonate and sericite 

alteration. In the quartzite, only moderate albi

tization and intensive albitization + carbona

tion were identified. The lamprophyre is com

pletely in a carbonated area. The chemical com

position of the lithological units in different 

alteration zones and alteration zone combina

tions is presented in Tables 10-12 (pp. 68-70). 

I. Moderate albitization of quartzite is 

probably the earliest a lteration at Lehtovaara. 

It covers the whole quartzite area except the 

rare non-feldspathic layers , and thus it is not 

hatched in Figure 15 . Albite has completely 

replaced primary plagioelase and nearly com

pletely replaced K feldspar in the matrix and in 

the elasts. So me partially a lbitized K-feldspar 

100 m Outcrop 

= Trench 

Fig. 15. Alteration types in the central part ofthe Lehtovaara site . 
The lInhatched areas consist of moderately albitized quartzite. 

elasts are left at the eastern flank of the area 

studied. Most of the completely albitized elasts 

consist of one crystal, but elasts consisting of 

aggregates of very fine-grained albite crystals 

are not uncommon. Irregular , very weak car

bonation (~0.2 vol. % carbonate) is related to 

the moderate albitization. 

2. Intensively albitized and weakly carbon
ated quartzite occurs in three <3 m wide zones 

at Lehtovaara. Two of the zones form the con

tact with the albite diabase and the third one 

2 



(outside the area shown in Fig. 15) roughly 
follows the strike of the contact. Within these 
zones, albite has completely replaced the pri
mary sericite. The rock texture does not, how
ever, differ from that of the moderately albi
tized type . 

3. The amphibole zone forms the least al
tered , inner part of the a lbite diabase. The tex
ture and mineral association of this zone are 
described above, in the general description of 
the albite diabase. The mineral assemblage was 
formed when tremolite-actinolite replaced 
primary Mg-Fe silicates and albite + epidote 
replaced the primary plagioclase. The primary 
texture is unaltered , only weakly brecciated. 
The fractures are filled with epidote and quartz. 

4. The amphibole zone gradually changes 
into a chlorite zone as chlorite replaces amphi
bole and primary Mg-Fe ilicates. In places, 
ch lorite has also replaced epidote. During chlo
ritization , weak silicification took place. The 
mineral association resembles the hyalospilite 
of Cann ( 1969) only in the most chloritized 
zones. The dominating mineral association in 
the chl oritized zones is: 

albite + chlorite + epidote + magnetite + 
sphene + quartz. 

The rock is brecciated, but the primary igne
ous textures are, however, identifiable in most 
places . Only where the rock is intensively brec
ciated, the texture is granoblastic . The fractures 
are mostly filled with chlorite and quartz , but 
locally also with pyrite. 

5. Biotite has gradually replaced all chlorite 
and epidote in the diabase margins and in one 
fracture zone in the diabase interiOl·. Breccia
tion is intensive and fractures are filled with 
biotite , quartz and magnetite. The dominating 
mineral association is: 

albite + biotite + quartz + magnetite . 
6. Significant carbonation (>2 vol. % car

bonate) has only taken place near the quartzite-
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diabase contact, where carbonate has complete
ly replaced epidote, sphene and chlorite and 
partially biotite and a lbite in the diabase . The 
intensively carbonated diabase has a granoblas
tic, moderately brecciated texture. The frac
tures are filled with carbonate, biotite and py
rite . The typical mineral association of carbon
ated diabase is: 

albite + carbonate + biotite + quartz + rutile. 
The lamprophyre is completely in a carbon

ated zone. With proceeding carbonation its 
mineral association was a ltered to: albite + 
quartz + carbonate + rutile. The trachytoidal 
texture was altered to granoblastic, but the 
porphyritic texture is left because the biotite 
phenocrysts were altered to pseudomorphic 
carbonate-quartz-rutile aggregates. 

7. Sericitization was the latest al teration 
stage. It has been found at one site only (Fig. 
15) , in highly carbo nated diabase . In some 
cases, weak chloritization of carbonates has 
taken place instead of sericitization. No frac
turing is related to this alteration type. Sericite 
has replaced biotite , albite and carbonate, for
ming the mineral association: 

a lbi te + sericite + carbonate + quartz + rutile 
± biotite . 

Regional metamorphic recrysta llization 

Regional metamorphic recrystallization has 
affected the whole area studied. Actinolitic 
hornblende has partially replaced tremolite
actinolite and chlorite in the amphibole zone 
(Fig. 3J), epidote and biotite have replaced 
chlorite in the chlorite zones and metamorphic 
biotite replaced carbonate and early biotite in 
the carbonate and biotite zones in albite dia
base. Porphyroblastic muscovite and biotite 
have replaced recrystallized matrix seric ite in 
quartzite. 
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Sivakkavaara 

General structure 

The study site (Fig. 16), previously describ
ed by Lehtonen (1987), is a cross section of a 
200-300 m wide zone of Middle Lapponian 
sediments and pyroclastites bordered by a lbi te 
diabase dykes. Several felsic dykes cut the 
sediments and diabase dykes; the sedi ments are 
a lso cut by a lamprophyre dyke. The age of the 
alb ite diabase is 2.214 ± 6 Ga (0 .5 km north of 
the site, zircon age , U-Pb method, Kallio 
1980). The age relationship between the lam
prophyre and the other dykes is unknown , be
cause their mutual contacts are unexposed; 
apparently lamprophyre cuts only quartzite on 
the present level of erosion (Fig . 16). 

No textures indicating the top during the 
intrusion of magmas were found. The sedimen-

UPPER LAPPONIAN 

h~;".j Albite diabase 

~ Lamprophyre 

1 _ I Felsic dyke 

MIDDLE LAPPONIAN 

E3 Siliceous carbonate rock 

~ Intermediary tuffite and tuff 

h':':':}}:j Quartzite 

/' Primary lithologie al contact 

c==> Outcrop 

= Trench 

o 
16 

100 m 

tary textures are rather well-preserved: the 
strike of the bedding is NW-SE and the dip and 
the strat igraphie top to NE . Hence, the se
quence of the sediment-pyroclastite pile is: 
carbonate rock (oldest) , quartzite, tuffite and 
tuff (youngest). 

The deformation was brittle , but the breccia
tion is predominantly weak. Intensive breccia
tion is found only within 2 m from the dyke 
contacts and within a few zones 1-2 m wide in 
quartzi te and albi te diabase dykes. 

Albite diabase 

The a lbite diabase dykes at Sivakkavaara are 
transitional between Fe and Mg tholeiites (Fig. 
17) and subalkaline (Fig. 18). Their primary 
texture is intergranular. The characteristic min-

SIVAKKAVAARA 

Fig. 16. Geology of the Sivakkavaara site based on outcrops, excavated trenches and geophys ical surveys . Also the outrop and trench 
numbers are shown. 



era l associ ation of the least a ltered albite di a
base dykes c lose ly resembles the amphibole 
zo nes of the albite di abases at Eksymäse lkä and 
Le htovaa ra: 

a lbite + tremolite-actin o lite + chl orite + epi
dote + mag netite ± biotite. 

La mp ro ph yre 

The Si va kkavaara lamproph yre differs from 
the lamprophyres o f both Myllyvaara and Le h
tovaara. Acco rding to the Sc/Ta vs . C r/V dia
gram, it is ca lc-a lkaline (Fig. 9, p . 27), but 
c learly more mafic than the Lehto vaara lampro
phyre, and on the Si0

2 
vs. Zr/Ti0

2 
di agram 

(F ig. 19) it fa ll s between the calc-alka line and 
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Fig. 17. Albite diabases from the Sivakkavaara area on the Jensen 
cation plot diagram (Jensen 1976). 
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F ig. 18. SiO,-Zr/TiO , d iagram for a lb ite d iabase , fe ls ic dykes and lampro ph yre fro m Sivakkavaara . 
F ie lds as in Figure 6, -aflcr Winchester and Floyd ( 1977). S iO, was recalc ul ated on vo lat il e-free basis. 

a lka lin e gro ups of the M yll yvaa ra lampro
phyres. Petrographica ll y it resembles the M yl
Iyvaara lamprophyres: the pr imaI'y tex ture is 
intergranular or subophiti c in the inner pa rts of 
the dyke and biot ite-p hyric and trac hytoida l in 
the dyke maI·g in s. The mineral assoc iati on of 
the least a lte red type is: 

a lbite + tremolite-ac tino lite + bi otite + epi 
dote + sphene + apatite. 

Fels ic dykes 

The a lterati on has been ex tremely weak in 
the inn er parts of mos t of the fe ls ic dykes . 
Among o ther facts, the good preservation of the 
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Fig. 19. SiO,-ZrrriO, diagram for lamprophyres from Sivakkavaara, Myllyvaara and Lehtovaara. Fields as in Figure 6, after 
Winehester and Floyd (1977). SiO, was reealculated on volatile-free basis. 

K feldspar makes the use of the RIR2 diagrams 
(of De la Roche et al. 1980) reliable in the 
classification of the felsic dykes. The dykes 
are , according to both the R 1 R2 diagram (Fig. 
20) and the Si0

2 
vs. Zr/Ti0

2 
diagram (Fig. 18), 

subalkaline or transitional between alkaline 
and subalkaline type . 

The texture of the felsic dykes is porphyritic , 
with a phenocryst size of 1-5 mm. Phenocrysts 
in rhyolites and quartz-Iatites consist of quartz , 
K feldspar, plagioclase and biotite; in quartz
trachytes of K feldspar and plagioclase; and in 
trachytes and lati-andesites of K feldspar, pla
gioclase and biotite. The rhyolites and lati
andesites also contain quartz amygdales with a 
size of of 1-5 mm. The groundmass, which 
chiefly consists of feldspars and quartz , is non
oriented and in places its texture is granoblas
tic. Any primary amphibole or pyroxene has 
been completely replaced by biotite with epi
dote, magnetite or sphene. 

Qua rtzite 

The quartzite is blastoclastic , layered and In 
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Fig. 20. Felsic dykes from Sivakkavaara on the R I R2 diagram of 
De la Roehe et al. (1980). 

places cross-bedded. The elasts consist of 
quartz and albite . The matrix is chiefly albite , 
but some biotite and sericite is present in equi
librium with albite. No K feldspar was found. 
Part of the quartz and albite elasts are recrys
tallized, but the rock is not foliated. 

I mpu re ca r bonate rock 

A zone of banded, dark green rock , some tens 
of metres wide , probably an impure , sedimen-
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SIVAKKAVAARA 

100 m 

Fig. 21. Alteration types at the Sivakkavaara si te. Areas with carbonate rocks are unhatched. 

tary carbonate rock, underlies the quartzite In granoblastic and blastoclastic with albite and 

the southern part of the area. According to the quartz elasts in a biotite-dominated matrix. 

regional structural interpretation (M.1. Lehto

nen , oral comm. 1992), this rock is the western 

continuation of a dolomite dominated sedimen-

tary horizon. The main minerals are tremolite 

(40-80%) , calcite (5-20%), phlogop ite (0-25%) 

and epidote (0-30%) and the texture is nemato

blastic with porphyroblasts of tremoli te and 

epidote. 

Tuffs and tuffites 

A bed of banded , intermediate tuff and 

tuffite, about 20 m in thickness, occurs between 

the quartzite and the northern albite diabase . 

The texture of the tuff is lepidoblastic-grano

blastic and its main constituents are chlorite, 

biotite and albite. The texture of the tuffite is 

Alteration types 

Seven a lteration types were found at Si

vakkavaara (Fig. 21) . In the albite diabase 

dykes the alteration is characterized by amphi

bole , chlorite, biotite , carbonate and sericite; in 

the lamprophyre by amphibole, carbonate and 

sericite; in the felsic dykes by K feldspar, al

bite, carbonate and sericite; in the quartzite by 

albite, carbonate and sericite, and in the tuffs 

and tuffites by biotite + chlorite and albite + 
carbonate. Possibly due to great primary com 

position al variation, no obvious al teration 

types or zonation can be recognized in the 

carbonate rock . The chemical composition of 

the lithological units in the varous alteration 
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zones and alteration zone com binations at Si
vakkavaara are presented in Tables 13- 16 (pp. 
76-79). 

I . The character of the weakest alteration and 

its mineral association follow the lithological 
units: in albite diabase and lamprophyre they 
follow the amphibole zones, in felsic dykes the 

K-feldspar zones, and in pyroclastites the 
chlorite-biotite zone. The least altered quartz

ite is albitized . The rocks are unbrecciated or 
s lightly brecciated and their primaI·y textures 
are weil preserved. The breccia fractures are 
filled with albite and quartz , and in the albite 

diabase a lso with epidote and chlorite. 

2. Biotite zones cover most of the a lbite dia
base dykes at Sivakkavaara, but the intensity of 

biotitization varies widely. It is intensive in the 
middle parts of the southern diabase dyke and 
negli g ible in the northern half of the northern 
diabase dyke. Biotite has replaced mainly chlo
rite, but in places also epidote and amp hibole. 

Weak silicification is related to the biotitiza
tion of amp hibo le. The rocks were not fractured 

during biotitization, but where the degree of 
a lterat ion was moderate or intensive, the tex
tures partially changed to granoblastic. The 

mineral association of the thoroughly biotitized 

a lbite diabase is: 
albite + biotite + quartz + magnetite. 

3. Calcite and dolomite tended to replace all 
the minerals of the a lteration zones mentioned 
ear li er, except for quartz and zircon in the 

carbonate zones. The rocks were also weakly 
silicified and sericit ized, and weak or moderate 

a lbiti zat ion took place in lamprophyre , felsic 
dykes and tuff. The a lbiti zation of the quartzite, 
however, took place earlier and is not related to 
carbonation. The carbonation is common ly 
weak ; it is intensive only near some dyke con

tacts and the alteration is chiefly incomplete. 
Intensive brecciation is related to all kinds of 

carbonation. The fractures are filled with car
bonate , quartz and biotite. The textures have 

turned granoblast ic in the most intensively al
tered zones. 

4. The latest a lteration stage was sericitiza

tion. Sericite has commonly replaced feldspars 
and carbonate, in places also biotite and chlo

rite. In some places, ch loriti zation of ca rbon 
ates has taken place instead of sericitizat ion . 
The degree of alteration varied widely, but it 
was generally low and the replacements partial. 

Brecciation is frequently related to seric iti za
tion; especially the quartzite contains abundant 
sericite-fi lied fractures. 

Regional metamorphic recrystallization 

The regional metamorphic recrystallization 
was ana logous to that of Eksymäselkä and Myl

Iyvaara. Lepidoblastic biotite replaced ch lorite, 
sericite, carbonates and hydrothermal biotite in 
all rock types. In addition, actinolitic horn
blende replaced ch lor ite and tremolite-actino

lite, and epidote replaced chlorite and carbon
ates in albite diabase. In lamprophyre , actino

litic hornblende replaced only actinolite. 

Honkavaara 

General structure 

The main rock units at the site consist of 
intermed iate tuffite, felsic volcanic rock and 
albite diabase dykes (Fig. 22). The diabase 
dykes have intruded in Middle Lapponian (?) 

tuffites and Archaean felsic volcanic rocks. In 

addition, mafic lava and heterolithic volcanic 
breccia occur in the area studi ed . The U-Pb age 
of zircon and sphene in the albite diabase is 2 .2 
Ga. The U-Pb age of zircon in the felsic volcan

ic rocks is 2 .7 Ga, but the age of sphene is 2 .2 
Ga (Lehtonen et al. 1989, Lehtonen et al. 
1992). The results obta ined by the Sm-Nd 
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method (H , Huhma, ora l eomm, 1992) support 
the above-mentioned age determination s_ The 
e he miea l s imil ari ty between a lbite diabase a nd 
mafie lava (see Figs , 23 and 24, Table 17 , p, 84) 

suggests that they may have a eomagmatie ori

g in and rou ghly the same age, i ,e " Upper Lap
ponian, 

In the volca nie breee ia there are fragments of 
all roek types oeeurring at the s ite , ineludin g 
diabase, The breeei a is thu s most probably the 

youngest lith ologie unit , althoug h the age dif
fere nee from diabase and mafie lava need not 
be large, The bedding of the vo lc ani e breceia is 
roughly horizontal , so that its wide hor izo ntal 
ex tent (Fig, 22) does not neeeessaril y indieate 
that the forma ti o n is thiek, 

The genera l strike of the bedd ing is E-W , the 
dip is nearl y ve rtieal and the stra tigraphie top 
to the north, The fraet io nati on wit hin the dia
base dykes - the most felsie types are a t the 
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southern margins of the dykes - implies that the 
top was to the south when the dykes intruded 
in their present surroundings. 

Only brittle deformation was observed and 
the brecciation is of variable intensity. It is 
most intensive near the contacts of the albite 
diabase dykes . In addition , 0 .5-5 m wide brec
cia zones with strikes E-W, NW-SE and SW
NE can be found in all lithological units. Ac
cording to magnetic ground surveys , two SW
NE faults intersect the area studied (Fig . 22). 

Mafie lava 

The mafic lava is transitional between Fe and 
Mg tholeiites (Fig . 23). On the SiOz vs. Zr/TiOz 
diagram (Fig. 24) the lava is in the subalkalic 
field , in the same region as the least altered 
albite diabase . The primary texture of the lava 
is massive and porphyritic . Phenocrysts , most
ly albite (originally plagioclase) , but in places 
also actinolite (originally clinopyroxene), make 
up 10-35 vol. %. The groundmass consists of 
very fine-grained albite, actinolite and chlorite. 
The dominant mineral association is: 

albite + tremolite-actinolite + magnetite ± 
chlorite. 
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Albite diabase 

The albite diabase is Fe tholeiite (Fig . 23) 
and is situated in the subalkalic field of the 
Si02 vs . Zr/Ti0

2 
diagram (Fig. 24) . The field 

locations of fine-grained margins and cumulate 
types implies that all the wide albite diabase 
units in the geological map (Fig. 22) are actu
ally composed of several parallel dykes. 

The texture of the least altered diabase is 
intergranular or subophitic . The primary tex -

FeO+Fe203+ Ti02 

A Albite diabase 

E Maf ie lava 

MgO 

Fig. 23. Mafic lava and albite diabase from Honkavaara on the 
Jensen cation plot di agram (Jcnsen 1976). 

• Mafic lava 

o Albite diabase 

0.1 
Zr/ Ti02 

Fig. 24. SiO,-Zr{[iO, diagram for mafi c lava and albite diabase and from Honkavaara. Fields as in Figure 6, after 
Wmchester and Floyd (1977). SiO, was recalculated on volatile-free basis. 



ture is commonly well-pre erved in the normal, 
mafic type , but on ly moderately preserved in 
the intermediate, plagioclase-rich type. The 
mineral assoc iation of the least altered albite 
diabase is: 

albite + tremolite-actinolite + epidote + 
magnetite + sphene ± biotite. 

Felsic volcanic rocks 

The fe lsic vo lcanic rocks are banded and 
granoblastic, most probably tuff or tuffite, al
though indicative primary textures are rare . 
The grain size of the rocks is <0.05 mm. In the 
least altered zones the dominant mineral asso
ciat ion is: 

a lbite + quartz + tremolite-actinolite + mag
netite + sphene. 

Tuffites and sediments 

The northern part of the area studied is com
posed of banded and granoblastic, intermediate 
tuffite with 1-2 m thick sediment interlayers. 
The main constituent of the sediment beds is a 
blastoclastic quartzite. The mineral assoc ia
tions of the least altered types are: 

Tuffite: quartz + albite + haematite + rutile 
Quartzite: quartz + albite. 

Volcanic breccia 

The structure of the vo lcanic breccia is cha
otic. Layering and grading are rarely found in 
the outcrops and never in normal sampie size 
(sam pie diameter <20 cm). The fragments 
range in size from a few millimetres to app rox. 
50 cm and they are always angular with a rough 
surface. The chaotic , matrix-supported texture 
and the high angularity of the fragments imply 
deposition after short, lahar- like transport 
(Lehtonen et al. 1989). Most of the fragments 
are bleached (albitized and carbonated) and 
their compo ition is, usually regardless of their 
origin , alb ite + quartz ± carbonate. The matrix 
is composed of albite, quartz and carbonate 
with sericite and chlorite in places. 
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Alteration types 

Seven alteration types were observed at Hon
kavaara (Fig. 25). In the albite diabase dykes 
the alte ration is characterized by amphibo le, 
epidote, c hl orite, biotite, carbonate and seric i
te; in the mafic lava by amphibole , ch lorite and 
carbonate; in the fe lsic vo lcanic rocks by am
phibole, ca rbonate and sericite; and in the tuf
f ites by albite, ch lorite, carbonate and seric ite. 
Quartzite occurs on ly in the least a ltered, a lbi
tized zone of the tuffite-sediment area. Inten
si ve carbonation and weak serici ti zation cover 
the whole volcanic breccia. The chemical com
position of the lithological units in different 
alteration zones and a lteration zone combina
tions is shown in Tab les 17-19 (pp. 84-87). 

I. The weakest alteration type and its mineral 
association follow the lithological units. In al
bite diabase, mafic lava and felsic volcanic 
rock it is represented by the amphibole zones. 
The least altered types of tuffite and quartzite 
are moderatel y albitized: albite has replaced 
all Ca plagioclase, K fe ldspar and sericite. In 
the vo lcanic breccia , no weak ly a ltered zone are 
to be fo und . 

Albite is the only feldspar pre ent and ac
tinolite has completely replaced the primary 
Mg-Fe silicates (olivine and pyroxene) as in 
Figure 3A. The rocks are unbrecciated or only 
weakly brecciated and the primaI'y textures are 
well preserved , except in the fel ic volcanic 
rock, which is nematoblastic-granoblastic. 
Fractures are commonly filled with albite and 
quartz, in the a lbite diabase also by epidote and 
amphibo le. 

2. Intensi ve epidotization has taken place in 
a few places in the albite diabase , within the 
amphibole zones. The epidotized zones are 1-
2 m wide and contain epidote-dominated spots 
with a diameter of I -50 cm. Within these spots , 
epidote has nearly complete ly replaced plagio
clase. In addition , weak or moderate apatite 
formation was related to the epidotization. 

3. Chlorite has replaced primary Mg-Fe sili
cates (o li vine and pyroxene) and secondary 
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Fig. 25. A lteration types at the Honkavaara site. Amphibo le, ch lorite, carbonate and sericite zones w ider than 5 metres are shown. 
Biot itization has taken place only in albite diabase and rough ly covers the chloriti zed zones. 

mine ra ls in co nnec ti o n w ith th e fo rm ati o n of 

th e a mphibo le zo ne (t remo lite-actino lite, epi

dote and a lbit e) in th e chloritized zones. The 
mi nera l assoc ia ti o ns of the mafic rocks are 

inte rmed ia te be twee n o rthosp ilite a nd hya lo

spilite types (Cann 1969), because they conta in 

bo th amphibo le and chl or ite. In addi t io n, the 

c hl o riti za t io n of d iabase and tu ff ite is eve ry

w he re ove rl a pped by weak bi o titi za t io n and 

loca ll y by wea k ca rbo nati o n. The typ ica l min 

e ra l assoc ia ti ons of th e chl orite zo nes are : 

A lbite d ia base: a lbite + chl ori te + b iot ite + 
mag ne ti te + sp he ne ± t re mo l i te -act i no l i te ± 
q ua rtz ± e pido te 

Mafic lava : a lb ite + c hl o ri te + tremo li te
act ino lite + mag netite 

T u ff ite: a lbi te + qu a rtz + c hl ori te + b io tite + 
ca rbo na te + mag ne ti te. 



The rock textures did not significantly 

change during chloritization. The degree of 

brecciation is slight in diabase dykes and lava 
units and intensive in tuffite . Fractures are 
filled with chlorite and small amounts of pyrite 
and chalcopyrite. 

4. In the biotitized zones , bioti te has re
placed chiefly chlorite , and locally a lso epi
dote. The degree of alteration is generally low. 

Moderately or intensively biotitized zones are 
scarce and narrow «I m) with unaltered rock 

tex ture. 

5 . Carbonation has taken place in all rock 
types. The alteration is slight, and so only the 
most important zones are shown in Figure 25. 
Carbonates have replaced all minerals except 

quartz , ru ti le and zi rcon. Weak si] ici fication 

was related to these replacements. The primary 
textures and pre-carbonation mineralogies are 
easily identified in weakly and moderately car

bonated zones , but in intensively altered zones, 
i.e . in the volcanic breccia and some zones in 
the albite diabase dykes , the texture is grano
blastic and the identificat ion of primary tex

tu res difficult. The fractures related to carbona
tion are filled with quartz and carbonates. In 

the intensively carbonated zones, the domina

ting mineral association is , regardless of the 
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original rock type: 

albite + carbonate + quartz + rutile. 

6. Sericitization was the latest alteration 

stage in the Honkavaara area. Sericite partially 
replaced albite and carbonates, in places also 
biotite and chlorite. In some cases, carbonate 
was altered to chlorite or talc instead of serici
te. Weak brecciation is related to the sericiti

zation and fractures are commonly filled with 

sericite, in some cases also with chlorite or tale . 
The degree of alteration is normally low; mod

erate or intensive sericitization has taken place 

only in albite diabase and tuffite and is indicat
ed by the following mineral association: 

albite + sericite + quartz + mag netite . 

Regional metamorphie recrystallization 

In the Honkavaara area, the rocks partially 
recrystallized during the regional metamor
phism. Lepidoblastic biotite replaced chlorite, 
carbonates and early biotite ; nematoblastic ac
tinolitic hornblende replaced tremolite-actino

lite and chlorite; and granoblastic epidote re
placed chlorite. Metamorphic biotite, epidote 
and amphibole were, however , formed only 

where biotite , epidote and amphibole existed 
before the regional metamorphism . 

Isolaki 

General structure 

The northern part of the Isolaki area consists 

of conglomerate and the sou thern part of 
quartzite. Between the conglomerate and the 
quartzite of the Kumpu unit of the CLGB there 
is a lump of albite diabase, 40 x 100 m in size 
(Fig. 26). The U-Pb age of zircon and sphene 

in the albite diabase is 2.210 Ga (Lehtonen 
1987). The Pb-Pb age of detrital zircon in 
quartzite ranges from 1.913 to 1.99 Ga (Lehto
nen 1987, Lehtonen et al., in prep.). The dia-

base is thus of Upper Lapponian age and is 
older than its country rocks. This age relation

ship is also supported by the occurrence of 
diabase fragments in the conglomerate, near its 
contact with the diabase. 

The albite diabase can be either allochtho
nous , i.e. , tectonically transported to its site, or 

an erosion remnant (Iike a small butte) and the 
sediments later deposited around and above it. 
Only brittle deformation has been observed at 
lsolaki. The diabase and its contacts are frac
tured , a feature that supports the tectonic hy-
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Fig. 26. Geology of the Iso laki site with outerop and treneh 
numbers. The map is based on outerops, exeavated trenehes 
and geophysieal surveys. The area studied and it s vieinity 
has been deseribed previously by Ka lli o ct al. (1980), 
Lehtonen and Mannincn ( 1986), Lehtonen (1987), and 
Nikula (1988). The area eovered by Figure 29 is outlined . 

pothesi s. On the other hand, the fraeturing may 
weil have taken plaee later , during regional 
deformation, beeause weak fraeturing also oe

eurs in the eontaet zone between eonglomerate 
and quartzite. In any ease, some fraeturing of 
the diabase probably took plaee a t an early 
stage in eonneetion with the synmagmatie spili
tie alteration . 

The primary textures of the sediments are 

weil preserved. The strike is E-W, the dip is to 
the south and the stratigraphie top to the north. 
Aeeording to a palaeoenvironmental survey 
(Nikula 1988) , the quartzite is a braided-river 
deposit of the distal part of an alluvial fan or 
an alluvial plain deposit, while the eonglomer

ate is a debris flow deposit aeeumulated in the 
proximal part of an alluvial fan . 

Albite diabase 

The albite diabase is a subalkaline Fe tholei
ite and its northern and middle parts were origi
nally pyroxene eumulate (Figs . 27 and 28). The 

primary ophitie and eumulus textures are weIl 
preserved. Only near the contaets , in a 1-3 m 

wide zone, the texture is highly fraetured and 
granoblastie. The mineral assoeiation of the 
least altered type (the dominant assoeiation of 

the diabase) is: 
albite + tremolite-aetinolite + epidote + mag

netite + sphene. 

Conglomerate and quartzite 

The quartzite is blastoelastie , layered and 

eross-bedded. Quartz elasts dominate and albi
te elasts oecur only near the diabase eontaet. 
The matrix is eomposed of serieite and quartz. 
This laek of albite exeept in the most altered 
zone is the most signifieant mineralogieal dif-

FeO+Fe203+ Ti02 

MgO 

Fig. 27. Albite diabase from Iso laki on the Je nse n eation 
plot diagram (Jcnsen 1976). Pyroxene cumulatcs arc on the 
komatiitie sidc or the diagram. 
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Fig. 28. SiO,-ZrfTiO, diagram for albite diabase from Isolaki. Fields as in Figure 6, after Winchester and Floyd 
(1977). SiO,- was recalculated on volatile-free basis. 

ference between the quartzites of Isolaki 
(Kumpu quartzite) and the quartzites of the 
other sites (Lapponian quartzites). The con
glomerate is blastoclastic, matrix-supported 
and massive or crudely bedded. It comprises 
elasts of quartz , phyllite , tuffite and albite dia
base in a matrix of sericite-quartz-carbonate. 

Alte r at ion types 

Six alteration types can be distinguished on 
the basis of the occurrence and replacement 
relationships of the secondary minerals (Fig. 
29). The alteration in the albite diabase is char
acterized by amphibole, chlorite, bioti te , car
bonate and sericite (Tables 20 and 22, p. 90 and 
91). In the quartzite and conglomerate, only 
albite -carbonate alteration was identified (Ta
ble 21 , p. 91). 

1. Most of the albite diabase is included in 
the a mphi bole zone, wh ich is described above, 
in the general description of the diabase . The 
rock is moderately brecciated and the fractures 
are filled with tremolite-actinolite , epidote, 

albite and quartz. 
2. The amphibole zone changes gradually 

into the chlor ite zone. Chlorite replaces am
phibole and epidote and the primary Mg-Fe 
silicates (olivine and pyroxene) . Weak silicifi
cation is related to the chloritization. The most 
chloritized zones, where amphibole and epidote 
are totally replaced , are overlapped by biotiti
zation. The mineral associations of the chlori
tized zones are: 

a lbite + chlorite + tremolite-act inolite + epi
dote + magnetite + sphene + quartz and 

albite + chlorite + biotite + magnetite + 
sphene + quartz. 

The diabase is considerably more brecciated 
in the chloritized zones than in the amphibole 
zone and its texture is in pi aces completely 
granoblastic. Fractures are filled with chlorite, 
quartz and biotite , in so me places with pyrite 
and chalcopyrite, too . 

3. The diabase margins are biotiti zed . Bio
tite has replaced chlorite at the southern margin 
and amphibole at the NW marg in. The brec
ciation varies from weak (NW margin) to inten-
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sive (S margin). The fractures are filled with 
biotite, quartz and pyrite. The diagnostic min

era l association of the biotitized diabase is: 

a lbite + biotite + quartz + magnetite. 
4-6. Significant carbonation has taken place 

only in the contact zones diabase-sediment and 
quartzite-conglomerate and within 1-2 m wide 
zo nes in the diabase interior (Fig. 29). Carbon

ate has comple tel y replaced epidote, ch lorite 

and biotite and partially albite in the diabase. 
Intensive albitization is related only to the 

carbonation in quartzite and cong lomerate. In 

addition, plagioclase is weakly sericitized at 
the diabase margins where the degree of car
bonation is most intensive. The typical mineral 
composition of carbonated a lbite diabase is: 

a lbite + carbonate + quartz + magnetite ± 
sericite. 

The texture of intensively carbonated rocks 
is granoblastic. The rocks are brecciated and 
the fractures are filled with quartz, carbonate 
and pyrite. 

Regional metamorphie recrystallization 

No recrystallization related to regional meta

morphism was found by in vest igation of thin 
sections from the Isolaki samp ies. 

10 m 

C? Oulerop 

~ Treneh 

Amphibole 

~ Chlorl1lza1l0n 

~ 6101l1lza1l0n 

IH!Hl Carbona1l0n 

D Serlel1lza1l0n 

D Albl11za1l0n 

,/' ~~::::~~ IIlhologleal 

Fig. 29. Alieration Iypes in the Jsolaki area. 

Palovaara 

General structure 

The bedrock (Fig. 30) is composed of two 

main units, Middle Lapponian sediments and 
Upper Lapponian mafic volcanic rocks and 
dykes, which are found chiefly above the sedi
ments (Lehtonen and Rastas 1987, 1988). Some 
of the dykes, including all lamprophyres and a 

few albite diabases, are within the sediment 
pile, concordant with the sedimentary layers or 
cutting them at a low angle. In addition, there 
are Upper Lapponian ultramafic volcanic rocks 

interbedded with mafic lava units and dykes. 

The sediment pile consists mainly of phyllites , 
siltstones and quartzites, locally with thin beds 

of mafic and intermediate tuffite and ultrama
fic chrome-bearing marble . 

The diabase dykes do not cut the lava units, 
and the chemical and petrographical data imply 
that they can be comagmatic and 01' the same 
age. The age relationship between albite dia

base and lamprophyre is unclear; their mutual 
contacts are fractured and strongly altered. The 
lamprophyre dykes are, however, in a lower 
stratigrap hi c position than the bulk or the dia

base dykes. The lamprophyre have thus prob-
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Fig. 30. Geology of the Palovaara si te , ehieOy based on diamond drillings. The drill log data have been integrated with the 
regional geo logieal data from outerops and exploration drilling (Lehtonen et al. 1984, 1985 , Lehtonen and Rastas 1987 , 1988). 
Also the dr ill hole numbers are shown . 

ably intruded at an early phase of magmati sm 
that was followed by the formation of albite 
di abase dykes. The strike of the bedding is E
Wand the dip to the south . Aeeording to the 
sedimenta ry textures and the differentiation 
within the dykes, the stratigraphie top is to the 
south . 

The deformation style is predominantly brit
tl e , and a ll litholog iea l unit s are variably frae
tured, both on a large and a sma ll sea le. The 
fracturing is most intens ive in the most altered 
zones. The brittle deformati on was followed by 
ducti le deformation, duri ng which layers con
tainin g shee t silicates were fo li ated . 

Ultramafic volcanic rocks 

The ultramafic vo lcani c rocks are basaltic 
komatiites (Fig. 31, Table 23, p. 94). lt is dif
ficul! and in some cases impossible to distin
guish between tuff and lava units, because the 
rocks are intensively a ltered. The most inten
sive ly a ltered ultramafic rock is chrome-bear
ing marble (Tabl e 23), probably a tuffite. In 
add itio n, some of the massive ultramafic units 

may weil be hypabyssa l. 
The texture of the least altered lava is mas

sive, and locall y it is possible to identify the 
original textures of olivine and pyroxe ne cumu
lates. In the pyroclastite s, weakly altered types 
are not found; the least altered ones are lepido
bl as tic and banded, containing carbonate por-

A Albite diabase 

U Ultramafie lava 

E Mafie lava 

Fig. 31. Ultramafie and mafi e lava and albite diabase from 
Palovaara on the Jcnsen eation plot diagram (Jensen 1976). 
The line separat ing basa ltie and ultramafie komatiites is after 
Jen sen and Pyke ( 1982). 
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phyroblasts. The mineral associations of the 
least altered ultramafics are: 

Lava (more primitive type): tale + chlorite + 
serpentine + magnetite 

Lava (Iess primitive type): tremolite-actino
lite + biotite + chlorite + magnetite 

Tuff: chlorite + tale + carbonate + magnetite 
± quartz. 

Mafie lava and albite diabase 

Mafic lava and albite diabase comprise a 
homogeneous group both chemically (Table 24, 
p. 95) and mineralogically. They overlap both 
on the Jensen (1976) cation plot diagram (Fe 
tholeiite; Fig . 31) and on the Si0

2 
vs. Zr/Ti0

2 

diagram (subalkaline; Fig. 32) . The most sig
nificant di fference between the diabase and the 
lava is textural: the lava units are fine-grained, 
locally porphyritic , spherulithic and amygda
loidal; the diabase units are coarser and do not 
contain phenocrysts or amygdales. Both are 
intergranular 01' subophitic. It is possible that 
some of the lithological units termed diabases 
are inner parts of thick lava beds, and that some 
smaller dykes have been termed lavas. The 
dominant mineral association of the least al-

80 

75 

70 

te red lava and diabase is: 
albite + chlorite + magnetite . 

Lamprophyre 

The lamprophyre dykes at Palovaara are cale
alkalic, as shown by the Sc/Ta vs. Cr/V dia
gram (Fig . 9, p 27). The texture of the least 
altered types is biotite-phyric apatite-phyric 
and intergranular. The biotite phenocrysts (size 
1-10 mm) are bent and broken. The groundmass 
consists of albite, biotite , chlorite and magnet
ite. In the most mafic types , the groundmass 
consists mainly of tale. 

Tuffites and sediments 

Sediments and tuffites compose most of the 
northern half of the area studied (Fig. 30). In
termediate and mafic tuffi tes occur as 0.1-2 m 
thick interlayers , forming about 10 vol. % of 
the sediment pile. The sediments and tuffites 
are in general intensively altered , and so 
chemical analyses were neccessary in order to 
distinguish between them. Only at the northern 
flank of the site is the degree of alteration so 
low that it is possible to identify the banded 
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Fig. 32. SiO,-Zr/TiO, diagram for mafie lava , albite diabase and lamprophyre from Palovaara. Fields as in 
Figllre 6, after Wincllester and Floyd (1977). SiO, was reealclilated on vo latil e-free basis . 
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rocks as tuffites , conglomerates , quartzites, 
siltstones and phyllites by petrographical ex
amination. 

The texture of the least altered sediments is 
banded, weakly foliated , blastoclastic and grano
blastic or lepidoblastic and the texture of the 
tuffites is banded and lepidoblastic-granoblast
ic. The dominating mineral associations are: 

Quartzite, conglomerate: quartz + albite ± 
sericite 

Siltstone: quartz + albite + biotite ± sericite 
Tuffite: quartz + albite + chlorite ± biotite + 

magnetite . 

Alte r ation ty pes 

Six alteration types can be distinguished on 
the basis of the occurrence and replacement 
relationships of the secondary minerals (Fig. 
33). In the ultramafic volcanic rocks the altera
tion is characterized by amphibole, chlorite , 
biotite, carbonate and sericite; in the lampro
phyre , albite diabase and mafic lava by chlo
rite , biotite , carbonate and sericite ; and in the 
sediments and tuffites by albite, chlorite, car
bonate and sericite. The alteration zones may 
follow the strike of the dykes as in Figure 33; 
it was not, however, possible to confirm this on 

s 
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the basis of the drilling profile , and there were 
no outcrops or excavated trenches at the site . 
The chemical composition of the lithologica l 
units in various alteration zones and combina
tions of zones at Pa lovaara is presented In 

Tables 23-26 (pp . 94-97) . 
I. The a lb it ized zones here only consist of 

intensively albitized sediments. Thorough albi
tization was the first alteration stage in the 
sediments and it covered the sediment pile 
completely , since layers less altered than the 
albitized ones do not occur. All the sediments 
do not have a high a lbite content because the 
albite has partly decomposed durin g later 
alteration stages. The prevailing mineral asso
ciation in the albitized zones is: 

albite + quartz + rutile ± sericite. 
The mineral assemblage of the albite zones 

includes 5% sericite, which is an early diagen
etic mineral in these zones. Carbonate, formed 
at a later stage, is also present nearly every
where. It is therefore probable that the occur
rence of rutile is caused by weak carbonation 
of original Ti oxides and sphene, and not by 
albitization. The rocks are weakly brecciated 
and the fractures are filled with quartz and 
albite . 

2. Only an ultramafic lava or a dyke at the 

PALOVAARA 

~ Chloritization c::::::::J Carbonation and sericitization 100 m 

~ Biotitization ~ Primary lithological contact 

Fig. 33. Alteration types at Palovaara. 
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southern marg in of the area studied is in th e 
amphibole zone , wh ich is overlapped by la te r 
chloritization and biotiti za tion . Its dominatin g 
mineral association is: 

tremolite-ac tin o lite + biotite + chlorite + 
magnetite. 

Tremolite-ac tinolite has completely repl aced 

the primary Mg-Fe s ili cates (o livine and pyrox

ene) like in the amphibole zones of mafi c rocks 
of the other sites. The primaI'y texture is weIl 
preserved, only weakly brecc iated. The frac
tures are filled with albite a nd tre molite-ac tino

lite . 
3. Chloritized zones include the maj ority of 

the least altered lava unit s, dykes and tuffites 

at Palovaara. Chlorite has replaced the amphi 
bole, epidote and primary Fe-Mg silicates total
Iy and the primary biotite of lamprophyre par
tially, and the rocks are weakly silicified. In 
places chlorite has also re placed albite. Ac 
cording to their mineral composition, th e most 
chloritized lava and diabase units are hyalo

spilites. The ultramafi c rocks were contempo
raneo usly c hl or iti zed a nd steatitized . The 

dominating mine ral assoc ia tions of the chlori 
tized zones are: 

In albite di abase, mafic lava, tuffite: a lbite + 
chlorite + magnetite ± quartz 

In ultramafic rock: talc + chlorite + mag netite 

In lamprophyre: albite + biotite + chlorite + 
quartz + magnetite + apatite. 

The chloritized rocks are thoroughly brecci
a ted and the degree of brecciation varies from 

weak to very inte nsive , but it is genera ll y pos
s ible to identify the primary magmatic textures. 
The fractures re lated to chloritization are filled 
with quartz, a lbite , chlorite, pyrite and cha l
copyrite. 

4. Biotitization has o nl y taken place in the 
so uthern part of the area studi ed (Fig. 33) and 

in the lamprophyre . The secondary biotite has 
replaced o nl y ch lorite. 

5. Carbonation covers the Palovaara site al
most comp lete ly, but only zones wider than 5 

mare shown in the a lterat ion zo ne map (Fig. 

33). Very weak ca rbo nat io n ca n be observed 

throughout the area and in places 0.1-2 m wide, 
mode rate ly carbonated zo nes occ ur . The weak 
carbonat ion has not c han ged th e rocks signifi 

cantly, only destroyed sphe ne and ep idote . 
In the moderate ly a nd inte ns ive ly carbon ated 

zones, the carbonates (c hiefly Fe dolomite) 

rep lace all the other minerals except quartz, 

rutile and zircon. The primaI'y textures can be 
ide ntified in the weakly and mode rately car
bonated zo nes , but in inten s ive ly carbonated 
zones the texture is co mplete ly g ranoblastic 
and the primary features are difficult to ide n

tify. The degree of brecc ia tion co rre lates posi
tively with the degree of carbonation. The fra c
tures are filled with carbonate, quartz, haema

tite and pyrite . The following minera l assoc ia
tion was formed in a ll primary types of mod
erately and intensive ly carbonated rocks: 

albite + carbonate + quartz + rutil e ± sericite 
± hae matite . 

6. Moderate and inten sive sericitization 

(F ig. 3 K) covers most of the middl e and north
e rn parts of the area studi ed, but overlaps the 

bi otiti zation only in the lampro phyre. The seri
citized zo nes regularly ove rl ap the carbonated 
zones in the igneous rocks. The a mount of 

carbonates is , however, very sma ll in the inten
s ive ly sericitized zo nes of the sediments. Thi s 
low ca rbonate content most probably reflects 

th e intensive sericitization and the strong de

composition of ca rbo nates in these sedime nt 
unit s. 

Potassium mica (currently muscovite) has 
rep laced albite , biotite , chlorite and ca rbo n
ates. In places, the degree of a lteration was low 
a nd the pre-serici ti zatio n features are easi Iy 
ide nti fied, but loca ll y, especia ll y in sediments 
and tuffites, the degree of alteration was very 
hi g h. There, the ca rbo nates and the a lbite were 

complete ly decomposed and in addition to seri
cit ization, the rock underwent silicification and 
pyritization (Fig. 3K). Pyrit ization was an ex
tremely irregular phenomenon and it has not 
been possible to find any pyritized zones exten
sive enough to be included in the map of altera

tion zo nes. The dominating mineral associa-
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ti ons of the most strong ly sericitized zones are: the breccia fract ures are filled with sericite ± 
In mafic lava and diabase: a lbite + sericite + quartz and pyrite. 

carbonate + quartz + rutile 

In sediments: sericite + quartz + rut il e ± 
pyrite ± carbonate ± a lbite 

In the ig neous rocks, not eve n intensive 
seric i ti zation destroyed the pri mary textures 
tota ll y, although the rocks became partially 

granoblast ic- Iepidob lastic. On the other hand , 

the intensively seric iti zed sed iments have total
Iy lost their primm'y feat ures, they are lepido

blastic and they have been foliated and folded 
during the regiona l ductile deformation. The 
brecciation is related to the sericitization and 

Regional metamorphie recrys tallization 

The litho logica l units of Palovaara were par
tially recrystallized during the regional meta
morphism. The most significant processes were 

the recrystallization of seri cite and the forma

tion of schistosity in the sericitized sediments. 
In the ultramafics, nematoblastic tremolite-ac
tinolite locally rep laced biotite, c hlorite, talc 
and carbonates , while lepidoblastic c hl orite 

replaced talc and carbonates . 

CHEMICAL CHANGES 

Reactions 

The chemica l changes during the formation 

of secondary mineral associations are relat
ed to specific gas-fluid-minera l reactions (e.g. , 

Giggenbach 19 84). These reactions can be 
c lass i fied on the basis of various cr iteri a , 
such as: hydration , carbonation , addit ion or 
loss of a particular anion or cation, change of 

pH 0 1' Eh , and breakdown or fo rm ation of a 
particular mineral or mineral assemb lage . 
The last - mentioned criterion paralleIs the 

formation of the mineralogical zonation of 
an investigated site or deposit. Examples of 

various classifications are found in studies con
cerning ore deposits (Roberts and Reardon 
1978, KelTich 1983, Colvine et al. 1988 , 
Piraj no 1992) and modern hydrothermal sys
tems (Gi ggenbach 1981 , Bird et al. 1984, Rag
narsd6ttir et al. 1984). 

One 01' the aims 01" the present study is to 
elucidate the conditions that prevailed during 
the formation of the typical alteration zones 
found in the areas studied. The chemical reac
tions are therefore classified according to their 
connecti o ns with this mineralogical zonation 

(Tab le 2, p. 52). Some of the reactions presented 

here can be connected with the formation of 
more than one alteration zone, espec ially if a 
reaction is considered to proceed in both direc

tions: e .g., reaction [10] can be c lassi fied as 
belonging to either the ch loritization or the bio
ti ti zation category. The number of such cross 

connections wou ld , however, be considerabl y 
greater if the c lass ification were based on, e.g., 
hydration and anion and cat ion exchange. In that 
case reaction [ I], e.g. , could be classified as one 

of the follow in g types: hydration , a and S 
add ition, 01' Mn , Mg and Ca loss. 

Natural minerals are never pure end- member 

phases. Especia ll y the sheet silicates are known 
to take signi ficant amounts of trace elements in 
their lattices (Deer et al. 1962a). In addition, 

the exact compositions of the precursor miner
als of completely a ltered rocks are not known. 
The exact stoichiometry of the reactions is 
therefore not shown in Table 2 , but the minerals 
are symbolized by their names , so that their 
whole possible compositiona l range can be rep
resented. 
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Tab le 2. Possible chemical reactions related to the formation of various alteration types. The connect ion s between 
mineral reactions and depletion and enr ichment of e lements are also show n. 

Amphibole zone formation: 

11] olivine + pyroxene + plagioclase + Ti magnetite + H,O + Na+ + SO/, + H+ <-> 
tremolite -actinolite + albite + ep idote + sphene + magnetite + quartz + pyrite + Mn '· + Mg '+ + Ca '+ 

[2J c linopyroxen e + primary biotite + plagioclase + K feldspar + Ti magnetite + H, O + Na+ + SO/, + H+ <-> 
tremolite-actinolite + albite + secondary biotite + ep idote + sphene + magnetite + quartz + pyrite + Mn '+ + 
Mg '+ + Ca'+ + K+ 

[3J plagioclase + Ca'+ + Hp <-> epidote + albite + W 
[4J olivine + 2H ,O + CO, <-> serpentine + MgCO] 
[5J serpe ntine + 3CO, <-> tale + 3MgCO] + 3H,O 

Chloritization: 

[61 olivine + pyroxene + plagioclase + Ti magnetite + H,O + Mg '+ + SO," + H+ <-> 
chlorite + sphe ne + haematite + quartz + pyrite + H

4
SiO, + Ca'+ + Na+ + K+ 

[7] clinopyroxene + primary biotite + plagioclase + K feldspar + Ti magnetite + H,O + Mg'+ + SO.' + H+ 
<-> secondary biotite + chlorite + sphene + haemat ite + quartz + pyrite + Hßi0

4 
+ Ca '+ + Na+ + K+ 

[8) tremolite-actinolite + epidote + H,O <-> ch lor it e + Ca'+ + Na+ + K+ + SiO, 
[91 albite + Fe '+ + Mg' + + H,O <-> chlorite + Na+ + SiO, + H+ 

[IOJ biotite + W + H, O <-> chlorite + Fe,04 + K+ + SiO, 

Biotitization: 
[11 J c linopyroxene, hornblende or actinolite + K+ + H,O <-> biotite + SiO, + magnetite + Ca'+ 
[12J epidote + magnetite + quartz + K+ + H,O <-> biotite + Ca' + + H+ 

Albitization: 
[1 3 1 anorthite + SiO,( aq) + Na+ <-> albite + epidote + H+ 
(14) anorthite + Hßi04 + Na+ <-> albite + H,O+ Ca'+ 
[15) ano rthit e + SiO, + H,O + H+ + Na+ <-> albite + sericite + Ca'+ 

[16) K feldspar + Na+ <-> albite + K+ 
r 171 biotite + H+ + Na+ <-> albite + rutile + H,O + Mg'+ + Fe'+ + Mn" 
[18J ser icite + SiO, + Na+ <-> albite + K+ + H+ 

Carbonation (+ albitization or sericitization): 
[19) actinoli te + epidote + CO, + Hp <-> chlorite + calcite + quartz 

1201 Fe tale + Ca '+ + CO/, + CO, <-> Fe dolomite + SiO, + H,O 
[211 sphene + CO, <-> calcite + rutile + SiO, 
[221 albite + H(CO,)' + Ca'+ + K+ <-> calcite + seric it e + quartz + Na+ 
[2 3] chlori te + Si02 + epidote + CO, + Na+ + Mn '+ <-> albite + Fe dolomite + H+ + Fe l+ + Mg '+ 

[241 chlorite + Si02+ epidote + CO, + K+ + Mn ' + <-> sericite + Fe dolomite + H+ + Fe '+ + Mg '+ 

[251 chlorite + Ca'+ + CO, + Mn '+ <-> Fe dolomite + SiO, + H,O 
[261 biotite + Ca'+ + Mn+ + CO, + H+ <-> Fe dolomite + sericite + quartz + rutile + Fe'+ + Mg '+ + K+ + H,O 

Sericitization: 
[271 ch lorite + K+ + H+ <-> seric ite + SiO, + Mg'+ + Fe '+ + H, O 

128 1 biotite + OH ' <-> sericite + SiO, + Fe '+ + Mg '+ + K+ + H,O 
1291 Fe dolomite + a lbite + K+ + H+ <-> sericite + SiO, + H,O + Ca '+ + CO, + Na+ + Mg '+ + Fe ' · 

Tale formation: 
1301 Mg'+ + SiO, + H,O <-> tale + H+ 
[311 albite + Fe '+ + Mg'+ + H, O + 0 , <-> tale + Na+ + Hßi04 + AI(OH); 
[32J chlorite + 0 , + HßiO, + Mg '+ + H, S <-> tale + pyrite + H+ + AI(OH); + H,O 

Reactions related to sulphides: 
[33) pyrite + H,O <-> magnetite + H,S + 0 , 
[34 J Fe '+ + H,S <-> pyrite + W 
[35) chalcopyri te + SO/, + H+ <-> pyrite + Cu+ + H,O + S'· 
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Table 2. Continued. 

Referenccs to reactions. Chemical gai ns and losses when reactions proceed from left to right. Gains a nd losses are 
reverse when reactions proceed from right to lefr. 

Reaction 

[ I] (Reed 1983 , He m1ey & Hunt 1992 ) 

12) (mod ifi cd afte r Reed 1983) 

(3) (Rosenbauer & Bischoff 1983) 

[4[ (Wink ler 1979) 

[5 [ (Pirajno 1992) 

[6] (Reed 1983) 

[7[ (modified after Reed 1983) 

[8[ (Colvine et al. 1988) 

[9 J (Hemley & Hunt 1992) 

[10) (Colvine et al. 1988) 

[I IJ (mod ified after Hem ley & Hunt 1992) 

[12[ (modified after Colvine et al. 1988) 

[13J (Janecky and Seyfried 1985) 

[14J (M orad et a l. 1990) 

[15[ (Bo les 1982) 

(16) (Munh a e t al. 1980) 

[ 17) (modificd after Jas inski 1988) 

[ 18] (Deer et al. 1962a, Jasinski 1988) 

[191 (Ames ct al. 1991) 

[20] (Colvine et al. 1988) 

[21J (Hunt & Kcrrick 1977) 

[22] (modificd after J asinski 1988) 

[23J (Kcrrich 1983 ) 

[24) (Kerri c h 1983) 

[25J (Co lvinc ct al. 1988) 

[26[ (mod ifi ed after Colvine e t a l. 1988) 

[27[ (Ja s in ski 1988) 

[28[ (Oe Groot & Baker 1992) 

Gains 

H, O, Na, S 

H, O, Na, S 

H, O, Ca 

H, O , CO, 

CO, 

H, O , Mg , S 

H, O, Mg , S 
H, O, Co , Ni 

H, O , Fe, Mg 

H, O 

H, O, K 
Hp, K , Cs , Rb , Ba 

Na , Si 

Na, Si 

H, O, Na 

Na 

Na 

Na 

CO" H, O 

CO" Ca 
CO, 
H, O , Ca, K, Rb, Ba 

CO" Na, Mn 

CO" K, Mn 

CO" Mn, Ca 

CO" Mn, Ca 
K, Ba, Rb, Cs 

[29[ (Reed & Spycher 1984, Kerrich 1983) K, Ba , Rb, Cs 

[30) (Luce et al. 1985) H,O, Mg , (Fe) 

[3 11 (modified after Roberts & Reardon 1978) H,O, Fe , Mg 

[321 (Roberts & Reardon 1978) Si, Mg, S 

[33J (Colvine et al. 1988 ) H, O 

[34] (Drummond & Ohmoto 1985) Fe , S, As , Sb 

[35[ (Reed 1983) S 
--------------------------------

Mass balance calculations 

Losses 

Mn , Mg, Ca, K, Cu, Co, Ni 

Mn, Mg, Ca, K , Cu , Co, Ni 

H, O 

Si, Ca, Na, K, Ba , Cu , Co , 

Si, Ca, Na , K , Ba , Cu, Co, 

Mn, Ca, Na, K , Ba 

a 
K, Rb, Cs 

Ca, Ba 

Ca 

Ca 

Ca 

K , Rb, Cs, Ba 

H, O , Fe , Mn, Mg, K, Rb , Cs , Ba 

Fe, K , Ba, Rb , Cs , Cr , V 

Hp 
U, Th and REE 

Na 

Fe, Mg, Ni, Co, Cu 

Fe, Mg, Co 

H,O, Ni, Co 

Fe, Mg , K, Rb, Cs, Ba , BI' 
H,O, Fe, Mn, Mg 

H,O, Fe , Mg, K 

Hp , CO" Fe, Mn , Mg, Ca , Na 

Si, AI, Na 

A I, Na 

S, Sb, As 

C 

The absolute abundances of major e le ments 
a nd trace elements of the lithological units 

suggest substantial variations in bulk chemical 
co mposition s in the areas studied. Simple in
spection of tables of chemical analyses is not, 
however, satisfactOl'y for the deduction of 

chemical changes. As Gresens ( 1967) and Cos
ta et al. ( 1983) have pointed out, the assump
tion of constant volume without calculation of 
possi ble mass and volume changes in the mass 
balance studies may lead to highly erroneous 
results, except possibly in qualitative terms 
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such as for gross depletion or enrichment of sities of A and Band the concentrations of the 

highly mobile e lements. The assumption of most immobile e lement. 

constant volume is typically based on the pres-

ervation of primaI'y textures. For example Le

sher et al. ( 1986) have, however , demonstrated 

that well-preserved primary textures are not 

inconsistent with a rock volume change of even 

±70 % . 

The calcu lation of rock mass and volume 

changes and the application of these volume 

changes to the mass balance calculations fo l

low the same procedure (Ake ll a 1966, Gresens 

1967, Grant 1986, Ames et al. 1991) as that one 

used in this study: 

I . SampIes from altered and unaltered zones 

are se lected. In order to avoid erroneous results 

due to magmatic differentiation or sedimentary 

processes , the following criteria are applied: 

(I) the sam pIes compared are from the same 

stratigraphic position, (2) they represent the 

same litho logical unit and (3) they are from 

locations as close to each other as possible . 

2. Elements that are usually treated as immo

bile (Winchester and Floyd 1977 , Lesher et al. 

1986, Ashley et al. 1988 , MacLean 1990) are 

se lected for observation. Their concentrat ion 

ratios in unaltered rock (A) and a ltered rock (B) 

are compared. 

3 . lf the concentration ratios within an e l

ement group are similar in A and B, but their 

absolute concentrations have changed , these 

e lements have either been mobile to the same 

degree or the rock mass and volume has 

changed. When the elements used in this pro

cedure are geochemica ll y sufficiently differ

ent , the latter alternative becomes s ignificant ly 

more probable , because different elements are 

fixed to different minerals and therefore their 

mobility differs in the alteration processes. 

This is how the immobile elements are found . 

In the present study , Ti , AI and Zr were found 

immobile during a ll alteration stages and Ti (Zr 

in a few cases) was se lected as the e lement on 

wh ich to base the mass balance ca lcu lations. 

4 . The change in rock volume factor (= fv) 

is ca lcul ated by formula [IJ using the rock den-

11] 

The relative changes in the concentrations of 

mobile e lements are calculated by formula [2]: 

[21 

Abbreviations in the formulae [I J and [2]: 

gA = densi ty of rock A 

gß = density of rock B 

XA = concent ration of " immobile" element X 

in rock A 

X
B 

= concentration of " immobile" element X 

in rock B 

Y = A concentration of mob i le e lement Y in 

rock A 

Y = ß 
concen trati on of mobile e lement Y in 

rock B 

Y = enrichment factor of element Y 
" 

5. The dimensionless enrichment factor Y 
" indicates the relative gain or loss of the mobile 

e lement Y during the examined alteration pro

cess . For examp le , Y" = 1.5 corresponds to a 

50% increase compared with the original abun

dance of the e lement and Y" = 0.75 correnponds 

to a 25 % decrease. The enrichment/deplet ion 

relationships can be graphically illustrated on 

simple histograms where Y" is on the Y axis 

and the elements on the X axis (e.g., Figs. 35 

and 37, p. 60 and 66). 

6. The enrichment factor perfectly shows the 

relative gains and losses, but because it is a 

relative factor , it easi ly exaggerates the impor

tance of the changes in trace element concen

trations and understates the main components. 

The abso lute mass change in per cent units for 

element Y (= Y) is ca lculated by the formu la 

[31 , wh ich g ives the gains and losses directly in 

mass units, e .g., in grams per 100 grams of 

original rock. 

[3] 



The accuracy of the mass balance calcula
tions depends on the analytical accuracy of 
concentrations and densities and on the pre
alteration equality of the sampIes compared. 
Thus , in the present study , gains and losses up 

to approx. 10% (Y n = 0.9-1. I) for the major 

components (for silica up to 5%, Y" = 0.95-
1.05) and approx. 20% (Y n = 0.8-1.2) for the 
trace elements are considered to be within the 

range of inaccuracy in the igneous rocks , 
whereas greater inaccuracy is possible in the 

sedimentary rocks chiefly because of their lay
ered nature . The range of concentrations of 

trace elements is wide in various rock types and 
areas of the present study (cf., e .g., Tables 3 
and 13, p. 57 and 76) and the concentration of 

an element may be over or below the analytical 
detection limit in different rocks . Only reliable 
analytical results were used in the calculations . 
Thus , the trace element sets in the enrichmentl 

depletion figures are dissimilar. The calcula

tions are normally based on comparisons be
tween one of the altered sampIes and one of the 
least altered sampIes , but in so me cases aver
ages of similarly altered sampIes were com

pared with averages of the least altered sam
pIes . 

In addition to the enrichment factor, formula 
[3] was applied for description of absolute 

mass changes in the present study. The analyti
cal and sampie inequality inaccuracies may 

cause errors in these calculations , too. The 
possible error effect increases as the absolute 
amount of element handled increases and its 
relative enrichment or depletion decreases, es
pecially for sial or A1

2
0

3
, where the relative 

change is smalI . The method is reliable when 
the enrichment factor is small or large enough , 
i.e., <0.95 or > 1.05 for Si0

2 
and <0.9 or > 1.1 

for the other main components. Because the 
interpretation of this method may stress the 
significance of the main components and 
understate the relative changes in trace element 
concentrations, i t was not applied to the latter 
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ones . The mass balance calculations indicate 
that common chemical trends prevailed during 
the formations of similar alteration zones in the 
areas studied. The absolute mass changes were 
therefore calculated only once for each altera

tion type using the Eksymäselkä data as an 
example (Table 6, p. 61). 

Because of the layering and the inhomogeneity 
of the sediments it can be difficult to find suitable 
sampIe pairs for the mass balance calculations. 
The mass balance calculation method may even 

give severely misleading results when applied 
to sedimentary rocks. Rather than the method 
of Gresens (1967), correlation diagrams of the 

type 'element vs. SiO/AI20 3
' have proved to 

be suitable for the characterization of altera
tions in detrital sediments (Kalsbeek 1992). 
The use of this type of diagram is based on the 
following: (1) the SiO/AIP3 of detrital sedi
ments depends on the ratio of quartz/(feld

spars + clay minerals) and is therefore closely 
correlated to the original grain size, because 

quartz is concentrated in the coarser fractions 
(Pettijohn et al. 1987, Taylor and McLennan 
1985) , (2) AI is normally immobile in alteration 
processes (Costa et al. 1983, Sturchio et al. 
1986, KelTich 1989) , (3) the relati ve change 
(although not the absolute change) in Si con
centrations of rocks is generally small com
pared with the mobilities of, e.g., alkaline and 

alkaline-earth elements (e.g. , MacLean and 
Kranidiotis 1987, Elliot-Meadows and Apple
yard 1991 , Kalsbeek 1992), and (4) the assump
tion of small or insignificant rock mass and 
volume change during alteration. If, however, 
Si or AI was mobile, if there was a significant 
rock mass or volume change, or the sediment is 

not purely detrital but, e.g., actually a pyroclas
tite or a chemical precipitate, the diagrams of 

Si vs. SiO/AI
2
0

3 
and AI vs. SiO/AI

2
0

3 
most 

probably will show it as weak correlations and 
thus the further, possibly misleading use of 
the diagrams 'element vs. SiO/AI20 3 ' can be 
avoided. 
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Eksymäselkä 

The least alte red rocks 

The chemical data of the least altered igne
ous rocks (Tab le 3) plotted on an alkali ratio 
diagram (Hughes 1973) indicate that most sam
pies are not within the igneous field but in the 
spilite field (Fig. 34). This suggest that an 
early, thorough a lkaline metasomatism affected 
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lava and diabase. The feldspar of the least al- K20/(K2O+Na20r100 

tered sediments and tuffi tes is albite, although Fig. 34. The least altered igneous rocks at Eksymäselkä, plotted 
K feldspar is a lso a typical mineral in quartzites on the alkali ratio diagram of Hughes (1973). 

and siltstones. Therefore, it is supposed that the 
least a ltered quartzite and tuffite (Tab le 4) were 
affected by albitization. 

Reaction [I] (Table 2) best describes the 
formation of the least a l tered zone , i .e. the 
amphibole zone in the mafic igneous rocks . The 
elements Si , Mn, Mg, Ca, Na, K, S, Cu, Ni and 
Co were mobile, the fluid was acid and weakly 
reducing, containing some CO

2 
(indicated by 

the ultramafic rocks) and the rocks were mod
erately hydrated during the formation of the 
least altered zones. 

The mass and volume changes and chemical 
mass balances related to the formation of the 
other a lteration zones were calculated using 
formulae [I] and [2]. The analyses compared, 
their immobile element ratios and volume 
changes are presented in Table 5 . 

Chloritization and biotitization 

The relative chemical changes connected with 
ch loritization and biotitization of the Fe-Ti 
tholeiitic lava are presented in Figure 35A. It 
is highly probable that similar changes are re
lated to chloritization and biotitization of the 
albite diabase, because its mineral and chemi
cal compositions closely resemble the Fe-Ti 
tholeiites (cf. Figs. 5 and 6, p. 22 and 23, Table 3). 

Within the accuracy of the analytical and 
mass balance calcu lation methods , the majority 
of the e lements were immobile during chloriti
zation and biotitization (Fig . 35A). The change 

in rock vo lume was approx. - 10% (Table 5). 
The most significant relative chemical changes 
during chloritization were the losses of Si, Mn , 
Ca, Na, K, Sb, Ba, BI' and Cu and the gains in 
S, Rb and Cr. The losses of Ca and Na and the 
gains in K, S, As, Rb and Ta (?) are related to 
biotitization. 

The absolute gains and losses per 100 g of 
original rock based on formula [3] and immo
bility ofTi are presented in Table 6 (p. 61). The 
greatest absolute changes during chloritization 
were the losses of Si , Mg, Ca and Na and during 
biotitization the loss of Na and the gain in K. 
The losses of AI and Fe are not proven because 
the enrichment factors of Fe and AI are within 
the limits of the errors of the method . 

The changes in the mineral association should 
exp lain the chemical changes. Reactions [6] and 
[9]-[ I I] (Table 2) in the igneous rocks and re
actions [8] and [10] in the sediments and tuffites 
are related to the formation of the chlorite-bi
otite zones and associated with intensive hydra
tion. Reactions [6], [IOJ and [35] imply that the 
hydrothermal fluid was acid and weakly reduc
ing during chloritization and biotitization. In 
addition, its a

K
+ increased after chloritization, 

which made the biotite formation possible. 
None of the chloritization reactions (Table 2) 

explains the enrichment of Rb (K is dep leted) 
and the depletion of Sb, and none of the biotiti 
zation reactions the enrichment of As. Either 



Table 3. Chemieal composition of albite diabase and mafie lavas at Eksymäselkä. Major elements in wt. %, traee elements in ppm. 

Albite diabase Fe-Ti tholeiite Fe tholei i te 

ultramafie mafie albite diabase intermediate type (albitite ) least altered carbonated carbonated + least altered carbonated 

cumulate least altered chloritized + carbonated carbonated + least altered carbonated (chloritized + sericiti zed (chloritized) 

carbonated (chloritized) biotitized serie iti zed (ch loriti zed) bioti ti zed) 

avg std avg std avg std avg std avg std avg std avg std avg std aVf! std avg std avg 

Si02 39.14 3.88 52.88 5.1\ 50.53 1.74 49.18 5.93 46.26 7.93 57.71 5.11 63.28 5.99 52.52 2.53 47.03 2.45 46.78 3.24 51.35 44.30 

Ti02 0.52 0.17 2.29 0.64 2.37 0.28 2.07 0.54 1.85 0.14 1.88 0.47 1.33 0.56 2.37 0.31 1.74 0.54 2.62 0.22 1.50 1.39 

AI203 4.23 1.10 13 .30 1.88 \3.53 0.82 12.94 1.6\ \1.04 2.20 14.0 1 0.90 14.07 1.21 14.66 1.50 13.59 1.85 13.\7 1.70 14.50 12.70 

Fe203t 12.58 0.94 16.77 3.97 \9.3 \ 1.96 8.22 4.19 \0.\2 3.87 13.95 4.54 1.91 0.59 15.17 1.27 15.49 0.87 7.38 1.74 14.87 12. 18 

MnO 0.17 0.08 0.11 0.12 0.11 0.04 0. 15 0.03 0.29 0. 13 0.04 0.02 0.07 0.03 0.10 0.04 0.17 0.05 0.23 0.04 0.09 0. 18 

MgO 28.47 1.6\ 4.31 1.47 4.24 0.70 4.44 2.55 4.63 1.05 2.9 \ 1.\ 7 1.95 1.08 4.50 0.73 5.94 0.81 4.60 0.92 7.34 6.86 

CaO 2.46 1.72 3.89 3.89 3.5 1 1.30 7.28 1.39 9.36 3.13 1.74 1.05 4.25 1.76 3.90 2.34 4.94 1.09 9.21 1.84 3.72 6.85 

Na20 <0.0 1 5.32 2.05 4.46 1.\6 6.14 1.49 3.\9 0.89 7.05 0.62 7.80 0.64 4.99 0.77 4.24 0.55 2.82 2.04 3.03 4.17 

K20 <0.01 0.31 0.17 1.34 0.54 0.55 0.22 1.97 0.95 0.24 0.\2 0.\5 0.08 1.18 0.7 \ 1.24 0.60 3.28 0.89 0.22 0.46 

P205 0.05 0.0\ 0.20 0.03 0.17 0.04 0.17 0.09 0.\5 0.04 0.24 0.08 0.34 0.16 0.26 0.04 0. \7 0.08 0.29 0.06 0.14 0.11 

sum 90.91 4.65 99.49 0.92 99.91 0.2 1 93.35 2.72 91.9\ 4.64 99.97 0.04 96.24 2.11 99.84 0. 19 94.72 2.77 91.55 1. 86 96.95 92.00 

Sr <0.5 4.94 5.72 <2 0.76 0.48 <\ 3.09 1.08 2.07 0.87 4.92 4.22 <2.2 5.56 4.15 0.75 0.76 

S 400 287 270 324 29 10 3019 4470 6631 4730 3935 1740 \720 290 799 290 253 190 132 920 1092 35 820 

Sb 0.94 0.42 1.\7 0.96 1.1 8 1.14 1.99 1.17 1.59 1.20 1.10 0.30 1.92 1.\8 0.94 0.47 0.43 0.10 2.45 1.17 0.89 0.65 

As 8.76 8.87 1.82 0.2\ 7.73 8. 10 7.3 1 6.69 4.08 3.66 1.56 0.35 1.44 0.67 3.35 2.58 < I 4.86 4.58 2.06 2.86 

W < \ <\ <I < 1.3 <\ <1.3 <2 <0.8 <0.8 <0.8 <I < I 

Cs < I <\ <I < \ < \ <I < 1.5 <1 < I <0.5 <\ < I 

Rb 9.8 3.8 14.2 \0.5 45.2 22.6 20.4 7.9 32.7 \5.2 17.3 7.9 23.9 12.8 32.2 19.9 33.2 14.6 58.3 12.4 \0.9 11.2 

Ba 49 16 <60 149 77 <80 267 207 <60 79 35 11 2 87 99 59 157 48 7\ <50 

Cu 10 10 50 49 <20 <20 <10 <10 <10 90 77 80 78 <30 60 420 

Co 96 11 37 25 48 28 74 94 63 59 22 11 7.5 5.4 37 11 36 12 15 \5 40 33 

Ni 1150 \94 50 26 <60 \25 95 <50 <60 84 41 82 32 110 52 88 3 1 \04 86 

La 4.4 1.6 22.2 11.4 16.8 16.8 38.3 41.5 11.5 7.1 16.8 3.1 34.4 25.6 37. 1 28.7 15.9 6.6 10.5 8.8 12.8 9.6 

Sm 1.2 0.2 5.8 1.4 4.5 1.6 9.6 9.6 3.4 1.3 5.0 0.6 7.7 4.2 21.9 41.3 5.2 1.9 5.9 1.6 5.6 3.8 

Sc 27 9 46 37 48.6 15.9 33 12 23 17 11 5 4.4 2.3 33 6 36 4 24 \ 67 64 

Ta 0.23 0.06 0.71 0.08 0.73 0.21 0.71 0.35 0.73 0.40 1.05 0.46 1.69 1.10 1.33 0.38 0.63 0.47 1.08 0.31 0.33 <0.5 

V \20 32 400 155 480 77 310 138 390 38 240 94 100 64 330 65 300 2 1 380 42 3 10 270 

Cr 6520 974 56 19 77 30 214 284 <60 <60 122 115 94 21 122 58 37 12 236 243 

U 0.17 0. 12 1.14 0.10 0.89 0.52 1.3 1 0.58 0.77 0.32 1.18 0.71 2.38 1.07 2.50 0.77 1.14 0.96 2.38 0.66 0.37 0.37 

Th 0.69 0.12 3.48 1.86 2.48 3.29 3.5 \ 2.96 5. 12 5.17 10.15 7.45 14.52 8.62 3.84 1.02 2.08 1.34 2.76 0.84 1.30 1.15 

Zr 50 17 170 34 130 29 160 29 140 40 260 74 350 191 220 37 160 64 220 5 1 120 100 

n 3 4 14 5 3 6 9 8 3 5 2 \ 



Table 4. Chemical compos ition of sedi ments and pyroclastites at Eksymäselkä. Major elelments in wt. %, trace elemens in ppm. 

Quartzite Siltstone Intermediate tuffite Matic tuffite 

a1bitized least altered intensive1y carbonated + least altered intensive1y moderately intensively carbonated + least altered carbonated carbonated + 
(ch lor-biot (chlor-biot a lbiti zed + seric itized (chlor-biot albitized + carbonated a1bitized + sericiti zed (ch lor-biot sericitized 

-zone) -zone) carbonated -zone) weak1y carb. carbonated -zone) 

av o std av o av o std avg std avg av o std avg avg std avg avg avg std 

Si02 78.27 2.71 69.90 66.36 1.76 62.93 3.39 62.18 62.33 0.85 54.45 60.44 1.92 56.90 53.77 46.80 42.43 2.57 

Ti02 0. 16 0.04 0.39 0.45 0.07 0.50 0.16 0.45 0.63 0.05 0.53 0.50 0.10 0.49 0.65 0.51 0.60 0.22 

A1203 11.80 1.95 15.21 14.0 1 0.52 14.59 1.87 13.01 15.94 0.45 13.98 14.59 1.09 13.45 17.64 13.41 11 .59 1.21 

Fe203t 1.31 0.34 3.09 1.43 0.38 4.52 2.07 8.63 6.53 0.20 7.72 2.61 1.48 7.04 10.75 8.79 6.69 1.52 

MnO 0.03 0.00 0.07 0.05 0.02 0.08 0.03 0.03 0.05 0.01 0.06 0.08 0.03 0.07 0.02 0.09 0.20 0.03 

MgO 0.77 0.25 1.41 1.93 0.19 3.08 1.23 7.75 1.80 0.57 7.64 2.77 0.90 7.15 9.54 9.07 7.20 1.56 

CaO 1.07 0.51 1.75 3.60 0.32 2.84 1.41 0.47 2.52 0.79 3.12 4.22 0.78 2.8 1 0.28 6.93 8.94 3.50 

Na20 4.89 0.31 4.33 7.75 0.36 3.5 1 1.26 2.25 8.55 0.36 4.59 7.89 0.60 3.45 5.77 4.57 3.83 0.75 

K20 1.15 0.62 3.23 0. 17 0.16 3.07 1.2 1 1.06 0.25 0.13 0.63 0.18 0. 13 1.29 0.06 0.77 1.56 0.57 

P205 0.07 0.02 0.11 0.10 0.06 0.10 0.02 0.10 0.11 0.07 0.10 0.20 0.13 0.09 0.13 0.12 0.11 0.05 

sum 99.57 0.32 99.60 95.92 0.61 95.31 1.93 95.99 98.80 0.95 93.70 94.41 1.19 92.82 98.72 93.33 84.74 2.03 

Br <I <I 1.79 0.47 0.82 0.41 0.67 0.75 0.36 <I <I <1 < I < I <I 

S <30 70 50 46 40 20 40 30 16 70 50 30 <20 <30 45 100 89 

Sb 0.67 0.05 0.80 1.33 0.59 1.20 0.53 1.13 0.81 0.19 0.81 1.35 0.43 1.20 1.10 0.64 1.22 0.28 

As 1.18 0.42 1.49 1.26 0.70 1.17 0.77 1.20 1.25 0.32 0.70 1.82 0.89 1.79 1.54 1.50 1.73 1.04 

W 0.76 0.08 2.83 7.29 5.54 < I 1.43 1.31 0.43 0.97 2.47 1.14 1.45 1.05 1.03 < I 

Cs < I <I <2 < I < I <2 < I <2 <1 <I < I <1 

Rb 19.3 12.7 64.1 30.8 3.9 49.8 29.0 39.2 23.1 10.3 28.7 28.0 11.6 66.8 <10 20.2 23.6 10.0 

Ba 74 20 243 <90 175 97 61 <70 147 <90 196 <40 95 132 75 

Cu <10 <10 < 10 <10 <10 <10 <10 <10 <10 < 10 < 10 <10 

Co <3 2.8 <8 6.9 4.8 6.1 <5 9. 1 6.8 1.9 6.2 23.3 15.6 13.1 14.7 

Ni <30 29 99 12 47 19 36 <70 66 90 39 <40 125 <50 42 13 

La 9.8 7.2 26.3 8.3 3.9 25.2 12.9 27.0 3.8 0.6 155 22.1 14.6 27.8 62.2 36.8 25.0 11.1 

Sm 1.5 0.6 4.9 2.4 0.4 4.3 1.5 4.1 1.9 0.3 8.0 4.5 2.0 3.4 7.9 5.2 4.9 1.3 

Sc 3.2 1.0 7.8 4.3 1.1 13.3 3.0 11.5 19.6 11.6 18.3 9.4 6.4 16.9 10.4 14.7 28.2 23.9 

Ta 0.22 0.02 0.60 0.59 0.07 0.8 1 0.26 0.64 0.74 0.11 0.86 < I 0.44 1.2 1 0.53 0.92 0.15 

V <20 60 60 10 80 17 90 90 43 90 50 11 70 110 100 90 52 

Cr 34 4 96 106 47 111 23 114 194 19 158 125 21 114 157 103 106 79 

U 0.60 0. 11 1.87 0.88 0.44 1.87 0.69 1.64 0.64 0.31 1.62 0.82 0.58 1.77 3.06 2.80 1.53 0.62 

Th 3.6 0.8 8.9 8.5 2.3 12.8 3.5 12.0 14.0 2.2 12.9 11.2 1.4 12.7 16.6 12.9 8.3 4.0 

Zr 150 31 310 220 61 200 24 150 170 5 170 160 30 170 190 170 150 20 

n 4 I 4 8 2 4 2 5 2 I 2 3 
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Table 5. Eksymäselkä. Analyses compared in Figure 35, their densities, immobile element ratios and volume changes (= dV%). 
The sampies of least altered rock are presented in italics. Abbreviations: ab = albitization , bt = biotitization, cb = carbonation, 

ch = chloritization, se = sericitization. Major elements in wt. % , trace elements in ppm. 

altera- chloritization ± carbonation + albitization 
tion biotitization 

rock Fe-Ti tholeiite albite diabase siltstone tuffite 
sampie 127-1 126-1 164-1 42-29 42-26 44-10 40-38 50-5 50-3 

type ch ch+bt cb ab+ct ab+cb se 

Si02 51.66 52.77 51.33 53.64 55.59 59.76 62.99 39.70 48.96 

Ti02 2.25 2.69 2.67 2.14 2.05 0.60 0.64 0.49 0.50 

AI203 12.97 14.50 14.53 15.64 14.97 14.51 15.95 12. 17 12.04 

Fe203t 13.97 15.44 15.37 / 6.67 3.22 9.91 1.35 6.09 8.07 

MnO 0. 17 0.08 0.13 0.02 0.13 0.04 0.05 0.21 0.14 

MgO 4.47 4.74 5.38 3.49 2.47 7.35 1.68 7.44 7.56 

CaO 8. 14 3.8 1 4.31 0.43 5.65 0.76 3.60 10.37 4.61 

Na20 4.69 4.94 4.04 7.36 8.34 3.36 8.9 1 4.31 1.66 

K20 0.71 0.54 1.70 0. 18 0.06 1.17 0.07 1.66 3.30 

P205 0.24 0.28 0.26 0.26 0.32 0. 13 0.43 0.08 0.09 

sum 99.27 99.79 99.72 99.83 92.80 97.58 95.66 82.52 86.93 

Br 5.94 2.30 9.32 2. 13 1.38 < 1 < I < I < I 

S 80 310 490 1660 2420 70 40 30 50 

Sb 1.10 0.67 1.44 1.59 2.12 1.39 1.71 1.52 1.51 
As 2.38 3.41 7.09 1.90 1.23 1. / 2 1.81 0.73 1.90 
W < / < I < I </ < I 1.42 3.79 1.27 3.02 

Cs < / 0.30 0.74 <I < I <I < I < I < I 
Rb 8.5 28.6 56.3 <15 < 15 23.8 38.4 29.5 62.0 

Ba 84 38 43 <60 <60 79 < 100 66 149 

Cu 90 50 60 <20 <20 <20 <20 <20 <20 

Co 37 42 57 30 20 9.3 8.2 6.8 5.1 

Ni 59 66 85 <60 <60 41 < 120 29 43 

La 22 23.9 25.7 20.7 9.16 24.2 27.3 37.8 38.8 

Sm 6.4 7.4 7.2 5.5 3.5 3.9 6.8 6.1 3.9 

Sc 32.2 29.6 44.9 13.3 7.7 12.9 3.6 10.6 11.0 
Ta /. / 6 1.49 2.04 / .02 1.19 0.59 0.57 1.07 0.73 
V 330 300 410 250 110 90 60 60 80 

Cr 69 113 81 <60 <60 1/4 < 110 81 80 
U 2.30 2.45 3.69 1. / 4 1.31 2.25 0.91 2.14 2.24 

Th 3.5 4.1 3.7 6.2 4.7 /5.0 12.4 12.8 13.5 
Zr 220 230 200 200 200 220 200 170 180 

Alm 5.76 5.39 5.44 7.31 7.30 24./ 24.8 24.8 24.1 

AUZr 590 630 727 782 749 660 798 716 669 
Ti/Zr 102 117 134 /07 103 27.3 32. 1 28.8 27.8 

density 
(kglm3 2846 2797 2997 2285 2908 2671 2697 2846 2775 

dV% -12 -10 +33 -6 -4 

ref. to 
Fig. no. 35A 35B 35C 35D 

these changes are related to a weak alteration that 

has not been ide ntified , or the increase in Rb con-

serici ti zati on carbonation + 
sericitization 

si ltstone si ltstone Fe-Ti tholeiite 

40-48 40-47 40-34 5 1-1 /64-1 134-4 133-1 134-1 

ab+cb se ab+cb se cb+Se 

61.1563.57 63.07 62.01 51.33 48.95 44.56 48.32 

0.55 0.65 0.66 0.70 2.67 2.77 2.54 2.71 

14.04 15.89 15.97 17.21 14.53 14.82 12.78 14.57 

2.45 2.70 6.29 6.35 /5.37 5.13 8.78 8. 19 

0.08 0.07 0.05 0.05 0.13 0.19 0.29 0.20 

2.47 1.58 1.57 1.39 5.38 3.92 4.94 4.11 

4.84 3.33 2.57 2.82 4.31 8.28 9.93 7.62 

7.59 7.23 8.92 8. 14 4.04 3.90 3.37 5.26 

0.30 1.16 0. 19 0.99 1.70 3.27 2.80 2.08 

0.15 0.23 0.01 0.15 0.26 0.27 0.26 0.27 

93.61 96.40 99.30 99.81 99.72 91.50 90.25 93.33 

< I <I < I < I 9.32 4.26 1. 80 9.74 

<20 30 <20 <20 490 90 2560 1520 
1.10 1.43 0.75 1.24 1.44 3.67 1.03 1.40 
1.77 1.71 0.86 1.14 7.09 1.83 12.6 5.54 

<2 < 1.5 1.92 < I <1 < I <I < I 

<I <I < I < I < 1 <I <I <I 

34.3 36.3 34.9 15.0 56.3 56.4 53.5 41.4 

<100 <100 <100 42 43 155 127 99 

<20 <20 <20 <20 60 20 30 20 

7.2 7.3 <7 <3 57 3.4 38 22 

113 117 < 120 <70 85 75 86 106 

10.5 13.3 4.01 6.22 25.7 17 11.4 1.8 

3.2 5.5 1.9 2.4 7.2 5.7 5.8 7.1 

7.8 9.6 8.9 17.3 44.9 23 .1 26.6 25.1 

<I <I <I 0.88 /.08 1.04 0.93 0.97 

40 30 30 130 4 / 0 380 410 420 
135 110 173 175 81 36 41 44 

0.40 0.58 0.50 0.94 2.04 2.49 2.03 2. 19 

11.7 12.9 11.4 14.6 3.7 2.5 2.3 2.6 

180 210 170 160 200 210 200 210 

25.6 24.6 24.3 24.4 5.44 5.35 5.03 5.38 

780 757 939 1076 727 706 639 694 

30.4 30.8 38.6 44.0 / 34 132 127 129 

2661 2650 268 1 2540 2804 2776 2806 2797 

- 16 -12 -4 +6 -2 

35E 35E 35F 

centration is related to chlorite formation and 
the changes in Sb and As to pyrite formation. 
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Fig. 35. Enrichment factors of the e lements showing chemical gains and losses during the alterations at Eksymäse lkä (y-axis). 
Only analytical result s with small errors are used in the ca lculations, so that the e lement sets are different in the figures. The 
main components are presented in a typical order of analytical results. The general mobility ofthe trace elements decreases from 
lef! to right (Rose et al. 1979). The calcu lati ons are based on comparisons between one altered and one less a ltered sa mpie unlcss 
otherwise idicated . Note the logarithm ic scalc of the y-axis. A: Chloritization and biotitization of Fe-Ti tholeiitie lava. Two 
altered samp ies are compared with the least altered type. B: Carbonation of albite diabase. C: Carbonation and intensive 
albitization of si ltstone. 0 : Sericitization of earbonated intermediate tuffite. E: Sericitization of carbonated and intensively 
albitized siltstone. Two sericitized sampies are separate ly eompared with two earbonated and albitized sampies. F: Carbonation 
and serieiti zation of the least alte red Fe-Ti tholeiitic lava. Three altered sampies are compared with the least altered type. 

Carbonation and intensive a lbiti zation 

The intensively albitized rocks are a lmost 
without exception carbonated. The calculated 
chemical changes (Figs. 35B. , 35C, Table 6) 
and the correlation between the analytical data 

(Tab les 3-5) indicate so me common alteration 
trends , but also contrasts between rock types 
indicating the effect of the rock composition on 
the hydrothermal system. 

The rock volume changes were approx. -5 % 
- +30% (Tab le 5). The intensity of brecciation 
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Tabl e 6 . Absolute gain s and los ses of the main components in grams per 100 g rams o f o ri g in a l 
rock at Ek sy mäselkä calcul ated by formul a [3 ] and immobile Ti. The fi gures in parentheses re fer 
to enri chme nt factors w ithin the limits o f the e rror s of the me thod , i. e. the gain o r loss sho wn 
is not re li able . 

Chloritization Chloritization Carbonat ion 
(Fe-Ti + biotitization (albite 
tholeiite) (Fe-Ti diabase) 

tholeiite) 

SiO, -7.5 2-8.4 +4.4 

AI,O, (-0 .84) (-0.73) (± O) 

Fe.,O)t (- 1.1) (-1.0) -13 .3 

MnO -0 .10 -0 .06 +0 .12 

MgO -0.51 (+0 .06) -0 .91 

CaO -5 .0 M4.5 +5 .5 

Na,O -0.56 -1.3 + 1.4 

K, O -0.26 +0.72 -0.12 

pp, (-0.01) (-0.02) + 0 .07 

and carbonation corre late positively with the 
increase in volume. Only a few elements were 
immobile (Figs . 35B and 35C). The chemical 
c hanges common to all rock types were the 
losses of Fe, Mg , K, Co, Sc, V and Th; the ga in s 
in Mn , Ca, Na and P; and the immobility of Ti, 
Al, Ta and Zr. Losses of Br, As, La and Sm and 
gains in Si , Sand Sb also occ urred in the ig
neous rocks and losses of Sand U and gai ns in 
As , W, Rb , Ni , and Sm in the sediments and 
tuffites. The mobility of the REE is not sup-

100r---------------------------------, 

10 

La Ce Nd Sm Eu Tb Yb Lu 

Fig. 36. Chondrite-normali zed REE patterns ofthe intermedi 
ate type of the albite diabase . Solid lines : least altered types, 
dotted line: mode rate ly carbonated type. Yolume change 
during carbo nalion +30%. Normali zing va lues from Hickey 
and Frey ( 1982). 

Carbonat ion + Sericitization Carbonation + 
intensive (siltstone) sericitization 
albitization (Fe-Ti tholeiite) 
(si ltstone) 

(-0.86) -7.3 ... (±O) -4.4 .. . -3.7 

(+0.41 ) (-0.5 ... ±O) (-1.1 . .. -0 .3) 

-8.6 (-0.4) ... +1.3 -10 .4 ... -6.1 

+0 .01 (-0.02) ... +0 .02 +0 .07 . . . +0.2 

-5.8 - 1.1 .. . -0.3 -1.6 ... (-0 .2) 

+2.6 -2.0 ... (±O) +3 .2 ... + 6.1 

+5.0 -1.7 . . . -1.3 -0.5 ... +1.1 

-1.1 +0 .7 .. . +1.1 +0.4 .. . + 1.5 

+0.28 -0.2 ... +0 .1 (±O) 

ported by the normalized REE pattern of a 
moderately carbonated sampIe (Fig. 36), but 
Figures 35C and 35F imply that the REE may 
have been mobile when the a lteration intensity 
was high , a lthough the REE often are treated as 
immobi le in al teration processes (Floyd and 
Winchester 1978, Sturchio et al. 1986, Michard 
1989, Richards et al. 1991). 

The largest absolute chemical changes (Table 6) 
in the igneous rocks were the losses of Fe and 
Mg and the gains in Si , Ca and Na, and in 
si ltstone the losses of Fe, Mg and K and the 
gains in Ca and Na . The mobilities of Si (in si lt) 
and A I (in si It and diabase) are questionable , 
because their enrichment factors are within the 
limit of error of the method . 

The chemical changes can be combined with 
numerous mineral reactions, e.g ., [17]-[26], 
wh ich clearly show the importance of high I

C02 

and aN.JaK+, dehydration, and near neutral or 
alkaline pH during the alteration stage. Haema
tite and pyrite occur in places. This implies 
fluctuations in the 102 , but since the haematite
bearing associations dominate, the conditions 
were chiefly oxidiz ing. Precipitation of pyrite 
(reaction [34]) in the fractures , whic h is in con-
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cordance with pH increase, explains the gain of 
S, Sb and As. Apatite decomposition (because 
of decrease in pH caused by carbona-tion-relat
ed H+ release to fluid) can explain the mobility 
of P, U, Th and REE (Oeer et al. 1962b), but 
the decomposition of sphene [21] can also ex
plain the mobility of U, Th and REE (Ribbe 
1982, Pan et al. 1993). 

Sericitization 

A loss of rock volume seems to be related to 
sericitization, but if the sericitization and car
bonation are treated as one alteration stage, the 
increase in rock volume was small (Table 5). 
This is supported by the alteration styles: the 
carbonation was related to intensive breccia
tion whereas the sericitization only to replace
ment. 

The chemical changes calculated (Figs. 350-
35F, Table 6) and the comparison between the 
chemical compositions give distinct alteration 
trends for various alteration types (Tables 3-5) . 
An uniform alteration trend observed in each 
lithological unit includes: gains in K and Ba, 
losses of Na and Co and immobility of AI , Ti 
and Zr. For most of the elements the alteration 
trends in different rock types differ from each 
other (cf. Figs. 350-35F). 

The calculation of the absolute chemical 
changes (Table 6) indicates the importance of 
the Si and Na depletion , the K enrichment and 
the connection between sericitization and car
bonation. Mg and Ca depletions were locally 
significant in absolute numbers when sericite 
replaced carbonates. 

The behaviour of most of the elements , like 

Fe, Mn, Mg, P, Sb, REE, Cr, Ni, U, Sand V 
(cf. Figs. 35D and 35E, Table 6) , seems com 
plex in the sediments and tuffites. The reasons 
for this probably were the differences in the 
primary compositions and different pre-sericiti
zation alterations. Most of the chemical chang
es can be combined with the carbonation reac 
tions [21] and [24]-[26] , with the sericitization 
reactions [18] and [27]-[29] and with the pyrite 
formation [34]. The Fe and V gains in sedi 
ments and tuffites (Figs. 35D and 35E, Table 6) 
are perhaps not related to alterations, but were 
caused by the primaJ·y differences between the 
magnetite contents of the specimens compared. 
The large Fe loss in the igneous rocks is related 
to carbonation , not sericitization (Table 6). The 
U, Th and REE mobilities are best explained by 
the decomposition of apatite and sphene. 

The chemical connection between sericitiza
tion and carbonation is evident in the igneous 
rocks (Fig. 35F, Tables 2 and 6); carbonation 
of albite, chlorite, epidote and biotite may pro
duce sericite (reactions [22], [24] and [26]). 
However, sericite evidently replaces carbon
ates in all lithological units (reaction [29]). 
This is explained by the Na+ fixation to albite 
and H+ release caused by albitization and car
bonation (reactions [13], [17] , [23]-[24]): the 

a ~jaK+ and pH of the fluid decreased , sericite 
precipitated and replaced carbonate. Thus, if 
sericitization took place at the same alteration 
stage as carbonation (and intensive albitization 
in sediments and tuffites), the deposition of 
carbonates and albite preceded the crystalliza
ti on of sericite and composition of the fluid 
changed during the alteration stage. 

Myllyvaara 

The least altered rocks 

The chemical compositions of the rocks in 
the alteration zones are presented in Tables 7-

9 . No unaltered rocks were found, which cannot 
be demonstrated by direct chemical methods, 
because common diagrams used to test the al
terations of igneous rocks are not suitable for 



Table 7. My ll yvaara. Chemical composi tion of lamprophyre dykes. Individual dykes are marked "LPFn", 
where "n" is an artifical number of a dyke. Major elements in wt. %, trace elements in ppm. 

Alkaline Calc-alkaline 
LPF5 LPF3 LPF17 LPF7 LPF 14, LPF 18 

least altered intensively weakly least altered weakly least altered weakly intensively 
carbonated + carbonated carbonated carbonated albitized + 
sericitized carbonated 

avg std avg avg std avg std avg std 
Si02 50.09 1.00 50.45 51.69 47.31 1.24 50.38 56.56 4.76 55 .77 1.27 53.20 
Ti02 3.24 0.06 2.41 3.99 2.72 0.47 2.27 1.12 0.37 1.99 0.07 1.72 

Al203 11.05 0.40 11. 15 13.02 13.35 0.75 15.37 15.85 2. 13 12.12 0.7 1 15.90 
Fe203t 13.53 0.80 4.79 5.99 16.95 1.98 8.68 6.61 3.07 5.78 2.74 1.44 

MnO 0.03 0.02 0. 10 0.04 0.04 0.01 0.05 0.03 0.01 0.03 0.0 1 0.06 
MgO 8.09 0.66 6.55 5.32 9.55 1.47 7.19 3.82 2.59 6.52 1.16 3.42 
CaO 3.61 0.68 7.13 7.53 2.67 0.65 4.25 3.74 2. 18 5.93 1.52 6.23 

Na20 2.73 0.41 0.93 5.81 2.84 0.89 5.77 3.28 0.37 5.33 1.08 8.29 
K20 3.99 0.34 4.51 1.41 3.68 1. 14 3.0 1 6.62 2.09 1.59 0.82 0.20 

P205 2.52 0.07 1.59 2.75 0.54 0.09 0.57 0.58 0.28 1.04 0.05 0.89 
sum 99.80 0.34 92.15 98.08 99.97 0.02 97.87 98.75 0.32 96.36 1.66 93.60 

Br < I <1 < I 1.90 0.5 1 2.74 4.63 3.32 1.55 0.53 3.42 
S 120 64 50 <10 150 282 < 10 85 56 <10 <10 

Sb 1.28 0.21 3.49 8.54 0.93 0.76 0.56 0.59 0.69 2.0 1 0.67 0.21 
As 3.00 1.03 3.62 5.25 1.70 1.13 1.58 2.25 1.50 3.0 1 1.04 3.44 
W 1.96 1.16 5.92 14.5 <I 0.67 <2 4.85 3.79 < 1 
Cs 1.59 0.75 0.86 < I 2.44 1.02 2.01 <2 1.21 0.93 2.28 
Rb 162 39 137 49 113 39 97 122 28 55 38 144 
Ba 4230 2196 2105 209 1985 439 1280 3860 133 1 233 18 1 4490 
Cu <10 <10 <10 < 10 <10 <10 <10 <10 
Co 21.3 9.5 12.9 6.9 41.3 8.9 23.1 28.8 16. 1 11.4 11.7 50.8 
Ni 147 66 68 87 173 57 74 93 60 97 41 <40 
La 176 55 184 166 38 3 42 99 75 132 21 44 

Sm 18.9 6.0 20.2 23 .7 5.6 0.3 6.1 10.9 7.6 13.3 1.3 6.4 
Sc 37.1 4.4 39.5 44.2 48.7 6.3 35.5 33.9 13.7 25.6 2.6 58.7 
Ta 9.90 6.65 16.3 12.9 0.80 0.1 1 1.10 4.58 7.42 1.17 0.12 <1 
V 180 10 160 380 750 216 560 168 72 190 6 100 

Cr 325 73 248 260 4 11 184 229 282 345 270 78 <40 
U 6.35 3.02 7.55 9.21 3.07 0.8 1 4.19 4.2 1 1.85 4.43 0.39 2.99 

Th 30.0 22.4 27.5 23.0 13.3 3.8 15.6 16.9 8.7 28.0 1.3 5.7 
Zr 2200 192 1050 2690 330 38 430 390 120 830 58 360 

n 4 2 1 4 I 4 3 1 

LPF 16 LPF9,LPF IO 

ch loritized weakly intensively 

+albitized carbonated albitized + 
carbonated 

avg 

55.24 53.26 52.09 

1.40 1.03 1.07 

15.88 9.27 12.88 

11.96 9.48 1.96 

0.05 0.04 0.04 

3.95 11.48 6.73 

2.66 4.32 6.63 

7. 11 1.72 6.35 

0.92 3.66 0.79 

0.65 1.38 0.59 

99.95 96.02 91.77 

< I <I 0.97 

5 240 20 

0.89 0.26 1.70 

2.55 3.58 2.00 

0.64 <2 26.8 

0.60 3.20 <I 

16 156 29 

196 1540 251 

< 10 < 10 < 10 

18.5 32.3 8.7 

120 341 84 

26 51 76 

4.8 12.0 10.0 

24.0 22.0 23. 1 

0.77 0.60 0.83 

330 130 130 

11 7 583 381 

3.27 4.36 2.56 

15.0 25.5 22.2 

260 340 290 
2 1 I 
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Table 8. Cherrtical composition of sediments at Myllyvaara. Major elements in wt. %, trace e lements in ppm. 

Quartzi te Siltstone 
least altered weakly weakly intensivelyalbiti zed intensivelyalbitized intensively albitized + 
(biotite ± albiti zed carbonated + weakly + intensively intensively carbonated 
sericite) carbonated carbonated + tale format ion 

avg std avg std avg std avg std 
Si02 79.50 4.39 62.46 3.62 65 .03 2.44 66.12 2.41 
Ti02 0. 15 0 .06 0.69 0. 15 0.63 0.04 0.57 0.08 

AI20 3 12.39 3.02 16.07 1.49 15.36 0.9 1 15.12 1.33 
Fe203t 1.1 4 0.53 6.87 2.12 4.34 0.73 3.35 0.59 

MnO 0.0 1 0.0 1 0.02 0.01 0.01 0.00 0.03 0.0 1 
MgO 0.73 0.32 5.59 1.46 5.47 0.77 3.62 1.02 
CaO 0. 16 0.06 0 .67 0.63 0.43 0.09 2.06 0.95 

Na20 2.86 2.17 1.91 1.28 5.62 0.70 1.26 1.1 6 
K20 2.75 1.57 4.95 1.57 2.33 0.4 1 4.90 1.1 2 

P205 0.04 0.0 1 0 .18 0.15 0. 12 0.03 0.1 4 0.02 
sum 99.83 0.09 99.56 0 .55 99.46 0.58 96.52 1.56 

Br 1.32 1.03 0.53 0.25 1.29 0.59 < I 
S <20 43 63 <20 28 26 

Sb 0.19 0.04 0.65 0.14 0.68 0.22 0.80 0. 12 
As 0.58 0.32 1.58 0.94 2. 18 1.06 1.2 1 0.67 
W 4.9 3.7 0.9 0.4 2.0 0.5 1. 3 0.7 
Cs <I 1.25 0.52 < 1 0.7 1 0.06 
Rb 70 40 138 36 68 12 120 14 
Ba 195 11 5 745 429 85 50 812 182 
Cu < 10 <10 < 10 < 10 
Co 2.8 1.0 11.6 3.1 9.3 2.1 7.4 1.5 
Ni <30 56 21 78 29 40 12 
La 12.5 3.0 32.3 24.9 22.6 28.4 34.3 23.5 

Sm 1.4 0.4 4 .8 2.9 4. 1 4.8 4 .6 2.5 
Sc 9.2 8.9 20.3 5.0 2 1.9 9.3 14.8 1.9 
Ta 0.25 0.06 0.70 0 .12 0.75 0.20 0.68 0.13 
V 83 6 1 120 4 1 110 34 160 92 

Cr 158 23 180 16 167 13 150 18 
U 0.51 0. 11 2. 18 0.41 2.1 8 0.56 2.06 0.36 

Th 3. 15 0.78 14.1 2.0 13.8 2.5 12.6 3.0 
Zr 148 53 190 95 220 27 170 94 

n 4 8 5 5 

la mp ro phyres. The petrographi ca l fea tu res in 
each litho log ica l unit , however, impl y several 
repl ace me nt reac t ion s a nd c he mi ca l c hanges 
re lated to the m. Some of reac ti o ns - [2] and 

[ 13] in la mprophyre dykes and [ 151 and [ 16] in 
sed ime nts - have proceeded to the e nd , but 
some reactio ns (e.g., seric itizati on of bi otite, 
[28]) have stopped befo re that. Acco rdin g to 
these reactions and the petrographi ca l fea tures, 
Fe, Mn, S, C u, Ni, Co and the a lka line and 
alka line-earth e le ments we re mo bile, the rocks 
were mode rate ly hydrated , and the hydrother-

avg std avg std a"R std 
67. 18 0 .90 46.96 10.13 51.26 4.87 

0 .58 0.07 0.46 0.17 0.60 0.32 
14.83 0.87 11.12 2.34 13.13 1.63 
0.9 1 0. 14 1.32 0. 15 1.37 0.35 
0.04 0.02 0.06 0.0 1 0.06 0.03 
2.89 1.1 6 6.82 2.62 6.24 1.24 
2.61 1.0 1 10.67 4.54 7.63 1.88 
7.94 0 .38 5.94 1.29 7.02 0 .88 
0 .1 7 0.10 0.20 0. 11 0 .12 0 .02 
0. 15 0 .02 0.25 0.20 0.28 0.22 

97.39 0 .98 83.86 5.83 87.77 2.57 

1.88 0 .86 1.4 1 0.53 1.60 0.83 
<20 45 66 38 33 
1.65 0.25 0.85 0 .33 1.19 0.5 1 
1.24 0.52 0.87 0.20 1. 17 0.37 
16.5 7.4 14.4 10.9 15.9 6.3 

<I < I 0.78 0.06 
< 10 < 10 14 I 

39 13 43 7 50 2 
<10 <10 <10 
3. 1 1.4 3.0 1.1 5.0 1.4 

<40 13 <40 46 2 
23.2 12.0 14.8 2.5 28.0 30.4 

3.4 1.0 3. 1 1.1 5.2 4.7 
9.3 2.4 21.3 6.8 22.5 6.9 

0.59 0. 15 0.45 0.26 0.55 0.17 
40 12 40 15 40 19 
97 59 86 63 81 44 

1.40 0.53 0.89 0.25 1.06 0.50 
12.2 2.3 7.51 2.73 7.97 0.85 
200 6 120 54 170 67 

3 5 4 

mal fl uid was ac id and weakly red uc ing. 
CO

2 
hom the la mp rophyre mag ma mayaiso 

have been an a lterin g age nt d u rin g the for ma

ti on of the leas t a ltered zo nes. Acco rdin g to 
Rock (199 1), unaltered alka li ne and calc-a lka
line lamprop hyres con tain 2% CO

2 
o n an aver

age. CO
2 

is hi ghl y mobile and because there are 
no tota ll y una lte red rock a t My ll yvaara , it is 
diffic ult to estimate the primary CO

2 
conte nt of 

the lamprophyres. However , at leas t some la m
prophyre uni ts di d not prim aril y contain any 
CO

2
, because the re are no ca rbo nates in the 

4 
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Table 9. MyllYVaara. Analyses compared in Figure 37, their densities, immobile element ratios and volume changes 
(= dV%). The sampies of least altered rock are prcsented in italics. Abbreviations: ab = albitization, cb = carbonation, 

tc = tale formation. Intensity of alteration: w = weak, mod = moderate, int = intensive. Major elements in wt. %, trace 
elements in ppm. Number of sampies calculated in each average is indicated in parentheses after the abbreviation "avg". 

alteration albi tization + earbonation tale formation 
rock siltstone 
sampie avg(8) avg(lO) avg(3) avg(5) 57- 15 57- 16 
type wab int ab int ab mod 

web web int eb 
Si02 62.46 65 .58 67.18 46.96 55.67 54.55 
Ti02 0.69 0.60 0.58 0.46 2.00 1.92 

AI203 16.07 15.24 14.83 11.12 ll .73 11 .69 
Fe203 6.87 3.85 0.91 1.32 8.65 5.49 

MnO 0.02 0.02 0.04 0.06 0.03 0.04 
MgO 5.59 4.54 2.89 6.82 7.82 6.12 
CaO 0.67 1.25 2.61 10.67 4.27 7.25 

Na20 1.9 / 3.44 7.94 5.94 4. 12 5.69 
K20 4.95 3.62 0.17 0.20 2.54 1.03 

P205 0. 18 0. 13 0.15 0.25 1.08 0.99 
sum 99.40 98 .26 97.32 83 .80 97.91 94.77 

Br 0.53 0.88 1.88 1.41 I.ll 1.40 
S 43 19 10 45 0 0 

Sb 0.65 0.74 1.65 0.85 4.17 2.1 6 
As 1.58 1.69 1.24 0.87 1. 27 2.18 
W 0.93 1.65 16.5 14.4 0.66 5.86 
Cs 1.25 <I <I < I <1 <I 
Rb 138 94 11 II 100 29 
Ba 745 448 39 43 440 155 
Cu <10 <10 < 10 <10 <10 <10 
Co 11.6 8.3 3.1 3.0 24.9 4.9 
Ni 56 59 35 38 142 88 
La 32.3 28.4 23.2 14.8 127 113 

Sm 4.8 4.3 3.4 3. 1 13. 1 12.1 
Se 20.3 18.4 9.3 2l.3 28.2 25 .6 
Ta 0.70 0.71 0.59 0.45 1.16 1.05 
V 116 137 43 43 190 220 

Cr 180 159 97 86 350 265 
U 2.18 2. 12 1.40 0.89 4.63 3.98 

Th 14.1 13.2 12.2 7.5 26.8 27.8 
Zr 194 195 203 120 800 800 

Alm 23.4 25.4 25.4 24.2 5.87 6.09 
Ti/Zr 35.4 30.8 28.7 38.3 25.0 24.0 
AI/Zr 829 782 730 926 147 146 

density 
(kglm3) 2766 2736 26 18 2675 2816 2745 
dV% +16 +24 +54 +3 
ref. to Fig. 37A 37B 37B 37C 

least aItered dykes . In addition, these dykes 
co ntain epidote and sphene that on ly are stable 
only when X

C02 
is extremely low (Thompson 

1971, Hunt and Kerrick 1977, Winkler 1979) . 

lampro hyre siltstone 
38-8 36- 11 31-6 36- 11 56-10 37-4 avg(2) 57-8 

mod mod int int ab tc 
int eb 

50.76 51.69 50.40 51.69 50.72 53 .20 67.67 66.20 
3.31 3.99 3. 17 3.99 1.74 1.72 0.56 0.63 

11.00 13.02 11.30 13.02 15.47 15.90 14.34 15 .83 
14.16 5.99 14.07 5.99 11.67 1.44 0.85 1.05 
0.02 0.04 0.02 0.04 0.02 0.06 0.05 0.03 
7.48 5.32 7.64 5.32 4.96 3.42 2.27 4. 14 
3. 16 7.53 3.32 7.53 3.47 6.23 3.11 1.62 
3. 13 5.81 2.91 5.81 1. 12 8.29 7.75 8.34 
3.61 1.41 3.82 1.41 8.52 0.20 0.17 0.16 
2.47 2.75 2.45 2.75 0.90 0.89 0.16 0.13 

99.09 97.55 99.ll 97.55 98.59 91.35 96.9 1 98.13 

<1 < I <1 < I 4.75 3.42 1.87 1.91 
50 0 130 0 940 20 15 <10 

4.22 5.25 3.31 5.25 2.19 3.44 1.07 1.56 
1.42 8.54 1.42 8.54 0.18 0.21 1.78 1.39 
1.09 14.5 2.37 14.5 1.42 0.82 17.9 11 .1 
2.31 <I 1.44 < I 2.74 2.28 < I <I 

177 49 186 49 205 144 <20 <10 
5120 160 5010 160 8540 4490 40 36 
<10 < 10 <10 < 10 <10 < 10 <10 < 10 
27.4 6.9 25.1 6.9 47.6 50.8 3.2 3. 1 
203 170 173 170 46 37 <50 32 
207 166 217 166 34.9 43.6 18 .9 31.9 

22.6 23.7 22.5 23.7 6.0 6.4 3.3 3.6 
38. 1 44.2 39.9 44.2 44.1 58.7 8.4 1l.3 
ll.4 12.9 15.9 12.9 0.72 0.34 0.52 0.74 
180 380 190 380 320 100 40 50 
253 280 287 280 56 40 64 164 

7. 46 9.21 4.29 9.21 3.34 2.99 1.10 2.00 
20.7 23 .0 20.0 23.0 7.3 5.7 11.2 14.3 
2330 2690 2260 2690 360 360 200 210 

3.33 3.26 3.56 3.26 8.91 9.24 25.5 25.1 
14.2 14.8 14.0 14.8 48.2 47 .8 28 .1 30.0 
47.2 48.4 50.0 48.4 430 442 7 17 754 

2925 2766 2956 2766 2796 2688 2612 2630 
-8 -10 +4 -12 

37C 37C 37C 37D 

The volume changes and chem ica l mass bal
ances related to the formation of more altered 
zones were calculated using for mul ae [I] and 
[2]. The compared analyses , their immobile 
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Fig. 37. Enrichment factors of the elements showing chemjcal gains and losses during the alterations at Myllyvaara (y-axis). Only 
analytical results with small errors are used in the caleulations, so that the sets are different in the figures. The main components are 
presented in a typica l order of analytical results. The general mobility of the trace elements decreases from left to ri ght (Rose ct al. 
1979). The caleulations are based on comparisons between average compositions, except in Figure C, where altered and least altered 
sampIes are compared one by one. Note the logarithmic scale of the y-axis . A: Weak albitization and carbonation of siltstone. B: 
Intensive albitization and weak carbonation (gray columns) and intensive albiti zation and intensive carbonation (black columns) of 
si ltstone. C: Albitization and carbonation of lamprophyres. D: Tale formation of intensively albiti zed and moderalely carbonated 
siltstone. 

element ratios and volume changes are present
ed in Table 9. 

Weak a lbitizatio n and carbonation 

The relative chemical changes related to 
weak albitization and carbonation of the silt
stone are shown in Figure 37 A, and the changes 
related to moderate albitization and carbona
tion of the lamprophyre in Figure 37C. The 
mass balance calculations indicate volume 
changes of -10% - +3 % in the lamprophyre and 
approx. +15 % in the siltstone (Table 9). This 
implies that, at this alteration stage, the brec
ciation was much more intensive in the silt
stone than in the lamprophyre dykes. 

Several elements were immobile or their mo-

bility was minimal when the process of albiti
zation and carbonation were weak or moderate. 
The alteration trends are nearly equal in the 
siltstone and in the lamprophyres: depletion of 
Fe, Mg, K, S, Rb , Ba and Co; enrichment of 
Si, Mn, Ca, Na, Br, Sb, Wand V ; and immo
bility of Ti , AI , Sc, Sm, Th and Zr. In addition , 
P, As, Ni, REE, Ta, Cr and U were mainly 
immobile during weak alteration , but became 
mobile with increasing alteration intensity . Re
actions [16] , [17], [21] , [26] and [33] (Table 2) 
explain most of the chemical changes in the 
lamprophyres and reactions r 16J-[18], [2 I] and 
[26] in the siltstone. Reactions indicate weakly 

acid, oxidizing conditions with high aNa/a
K

+ in 
the fluid. The acidity of the fluid probably lim-



ited the precipitation of carbonate. The changes 
in the concentrations of As, Sb and W remain 
unexplained ; formation of scheelite is necces
sary to explain the enrichment of W in the 
rocks. 

Intensive albitization and carbonation 

The chemical trends of weak alteration be
come more distinct with intensifying carbona
tion and albitization. The changes in rock vol
ume are still dependent on the lithology: there 
is no remarkable change in the lamprophyres, 
but the volume increase in the siltstone is 20 -
>50% (Table 9). 

The chemical alteration trends in the silt
stone were (Fig. 37B): depletion of Fe, K, Rb, 
Ba, Co, V, Cr and U and enrichment of Si, Mn , 
Ca, Na, Br, Sb and W. In the lamprophyres, the 
trends were (Fig. 37C): depletion of Si, Fe, Mg, 
K, S, Rb, Ba, Co, Ta and V and enrichment of 
Mn, Ca, Na, Sb, As and Sc. Thus, the trends of 
the main components and Sb, Rb, Ba, Co and 
V were equal in all lithological units regardless 
of the intensity of carbonation. The same reac
tions ([16]-[18], [21], [26] and [33]) , equal f 0 2' 

but increased f C0 2' aNa/a K+ and pH as in the 
weakly albitized and carbonated zones explain 
the chemical changes. The mobility of REE 
during the intensive carbonation is demonstrat
ed by Figure 38: Eu and the HREE were en
riched over the LREE in the carbonate-bearing 
fluids and in the extremely carbonated zones. 

Chloritization and tale formation 

It was not possible to treat chloritization with 
mass balance caleulations, because suitable 
sampie pairs were not found. However , the 
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Fig. 38. Chondrite-normalized REE patterns of si ltstone. Solid 
lines: weakly or moderately carbonated types (0.1-14% CO,), 
dotted line: extremely carbonated type (34% CO,). Volume 
change during extreme carbonation was 50%. Normalizing 
values from Hickey and Frey (1982). 

mineral assemblages indicate that the chloriti
zation reactions [9], [10], [19] and [27] took 
place. According to them, Fe, Mn , Mg, Ca, K, 
Rb , Ba Cu, Ni and Co were mobilized and the 
fluid was weakly acid, possibly CO2-bearing, 

and its aMg2/aK+ and aMg2/aNa+ were high. 
Talc formation only took place in the sedi

ments. Rock volume was decreased (Table 9), 
thus replacement was the dominant alteration 
type and brecciation minimal. The chemical 
changes of the major components (Fig. 37D) 
weil reflect the changes in mineral assemblag
es: tale mainly replaced dolomite [20] and 
fi lied fractures [30], but replaced albite [3 I] 
and chlorite [32] only in small amounts. The 
fluid was thus much like the chloritizing fluid, 
but its aMg2+ was higher. Reactions that could 
explain the mobility of trace elements remain 
unclear. It is possible that the differences in the 
concentrations of trace elements between com
pared sampies reflect the differe nces before 
tale formation. 

Lehtovaara 

The least altered rocks diabase (amphibole zone type, Table 10, p. 68) 
lie inside the igneous field on an alkali ratio 

The chemical data for the least altered albite diagram (Fig. 39). This suggests that, in addi-
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Table 10. Chemical composition of albite diabases and lamprophyres at Lehtovaara. 

Major elements in wt. %, trace elements in ppm. 

Albite diabase 

least altered chloritized biotitized 

(amphibole 

zone) 
avg std avg std avg std 

Si02 50.33 0.69 52.20 0.88 52.05 1.55 

Ti02 0.80 0.04 0.81 0.05 0.86 0.07 

A1203 12.41 0.22 14.79 0.50 14.06 0.99 

Fe203t 15 .72 0.89 15.86 0.99 17.09 2.23 

MnO 0 .16 0.03 0.09 0.01 0.04 0.01 

MgO 6.21 0.27 5.77 0.91 5.24 0.73 

CaO 10.40 0 .75 6.62 2.02 3.53 1.40 

Na20 2.20 0.58 2.86 0.74 4.14 0.25 

K20 0.23 0.07 0.27 0.18 2.64 0.42 

P205 0.06 0.00 0.06 0.01 0.07 0.01 

sum 98.81 0.70 99.44 0.72 99.87 0.15 

Br 0.36 0.10 0.77 0.57 <0.5 

S 190 197 260 320 650 765 

Sb 0.26 0.06 0.21 0.11 0.15 0.09 

As 1.14 0.25 1.26 0.79 0.58 0.27 

W < 1 0.85 0.33 1.41 0.59 
Cs <0.7 <I 3.49 4.19 
Rb <10 <15 100 25 
Ba 65 42 <50 154 11 3 

Cu 130 46 30 5 <10 
Co 49 4 48 6 54 34 

Ni 91 19 68 18 90 26 

La 1.2 0.5 1.3 0.5 3.5 1.7 

Sm 1.2 0.1 1.1 0.3 1.6 0.5 
Sc 50 4 42 8 35 6 
Ta <0.5 <0.5 <0.5 
V 380 12 350 50 380 43 

Cr 158 19 47 19 57 35 
U <0.2 <0.2 0.21 0.11 

Th <0.3 <0.3 0.33 0.09 
Zr 50 5 50 11 50 5 

n 7 5 4 

tion to hydration, the alterations had a minor 
chemical effect on the least altered part of the 
diabase . The formation of the amphibole zones 
is fairly weil characterized by reaction [I] (Ta
ble 2), according to which Mn, Mg, Ca, Na and 
S were mobile, but were not significantly en
riched or depleted by the acid, weakly reducing 
fluid of the alteration type. 

The least altered types of quartzite are the 
non-feldspathic and the K-feldspar-bearing ones, 
while layers in which albite has completely 

lamprophyre 

carbonated sericitized least altered intensively 

+ weakly (moderately carbonated 
carbonated carbonated) 

avg std 

56.13 5.52 53.56 54.40 54.27 

0.66 0.07 0.89 1.80 1.79 

12.12 1.02 14.40 14.52 15.11 

4.34 0.61 19.55 4.73 1.66 

0.09 0.03 0.07 0.04 0.05 

3.54 1.08 2.45 4.35 2.51 
7.36 2.43 2.40 4.84 6.20 

6.42 0.64 2.61 6.19 8.04 

0.19 0.08 3.28 1.75 0.24 
0.05 0.01 0.08 1.27 1.27 

92.91 1.97 99.45 95.25 93.13 

0.47 0.21 0.26 <0.5 <0.5 
8180 4710 250 110 50 
0.25 0.10 0.19 0.54 0.95 

4.32 3.69 0.50 1.11 1.29 
17.0 14.1 < I 6.54 26 

< I 0.70 0.62 <0.6 
<15 10 60 <10 

35 11 441 491 <40 
50 32 <10 < 10 <10 

116 64 24 23 <5 
54 14 63 54 <40 

7.1 4.7 2.7 138 162 
1.4 0.3 1.2 14 16 
25 28 35 23 10 

<0.5 0.12 1.36 1.66 

90 58 400 200 150 
<40 77 127 114 
1.22 0.88 0.37 6.31 4.01 
0.52 0.25 0.19 17 20 

50 6 60 490 480 

3 I I I 

10 

.L 0 8 
C\J spilite field 
<1l 6 
Z / + 4 0 .. ---" C\J - 1 • • 1-
~ 2 --. 

0 
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Fig. 39. The least altered albite diabase at Lehtovaata, plotted on 
the alkali ratio diagram of Hughes ( 1973). 
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Table 11. Chemical composition of quartzite at Lehtovaara. 
Major elements in wt. %, trace elements in ppm. 

Quartzite 
a non- K-feldspar fe ldspars feldspars and albitized + 

fe ldspatic partially totally sericite carbonated 
layer albitized albitized albiti zed 

avg std avg std avg std avg std avg std 
Si02 85. 10 2.03 83.68 2.42 80.96 3.34 82.50 3.65 81.52 1.24 
Ti02 0. 10 0.0 1 0. 11 0.04 0. 19 0.09 0. 17 0.09 0.15 0.03 

AI20 3 8. 13 1.1 0 9.20 1.46 10.72 1.84 9.75 1.21 10.04 0.55 
Fe20 3t 1.94 0.5 1 1.46 0.27 1.99 0.82 0.81 0.17 1.44 0.35 

MnO 0.01 0.0 1 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.00 
MgO 1.23 0.67 0.28 0.10 0.78 0.54 0.33 0.40 0.88 0.34 
CaO 0. 15 0.20 0.09 0.05 0.13 0. 15 0.56 0.79 0.58 0.18 

Na20 0. 17 0. 18 2.59 0.10 1.86 0.7 1 4.87 0.31 1.09 1.02 
K20 2.87 0.35 2.29 0.73 2.83 0.62 0.43 0.27 2.76 0.73 

P205 0.0 1 0.00 0.01 0.01 0.01 0.0 1 0.02 0.00 0.02 0.03 
sum 99.77 0.03 99.82 0.04 99.64 0.42 99.51 0.57 98.60 0.43 

Br 0.38 0.21 1.83 1.53 
S <20 <20 

Sb 0.08 0.0 1 0.09 0.00 
As 0.29 0.11 0.37 0.13 
W 0.58 0.26 0.69 0.23 
Cs 1.07 0.50 0.63 0.05 
Rb 76 11 59 25 
Ba 133 70 364 94 
Cu < 10 <10 
Co 4.9 2.4 <3 
Ni <20 <30 
La 12.5 7.7 8.8 7. 1 

Sm 1.5 0.7 1.2 0.7 
Sc 2.6 0.3 2.9 1.1 
Ta 0.2 1 0.08 0.32 0.04 
V 30 10 20 15 

Cr 25 2 29 9 
U 0.36 0.07 0.52 0.12 

Th 2.34 0.31 2.27 0.33 
Zr 60 0 70 12 

n 4 3 

replaced the other feldspars, i .e. zones of mod
erate albi tization, cover wide areas. Thi s is sup
ported by the data of Table I l and Figure 40 (p. 
71). The sedimentary layers and albiti zed zones 
indicated in Figure 40 mos tly overl ap and are 
therefore presented as a si ngle group in Figure 
4 1 (pp. 72-73). The moderate al bitization thu s 
had no sign ificant effec t on the chemical com
pos iti on of the quartzi te excep t for the alka 
line e lements, and the che mi cal d iffe rences 
be tween th e leas t altered ty pes are mos tl y due 

0.59 0.43 1.63 2.09 0.23 0.06 
<20 80 127 220 360 
0. 11 0.04 0.17 0.06 0.08 0.02 
0.34 0.14 0.70 0.28 0.27 0.08 
1.20 0.59 2.85 0.68 1.24 0.59 
0.85 0.47 <0.5 0.64 0.19 

74 17 14 8 7 1 18 

380 162 66 39 440 245 

< 10 <10 <10 
5.0 4.1 4.9 2.0 4.0 1.7 

<30 <30 <20 
11.0 4.7 15.4 0.5 11 .4 6.4 

1.4 0.5 1.8 0.4 1.2 0.5 
4.7 1.7 3.5 2. 1 3.5 0.3 

<0.3 <0.3 0.29 0.09 
50 19 50 46 40 12 

39 17 48 28 37 7 
0.55 0.18 1.06 0.98 0.43 0.08 
3.04 0.85 2.54 0.91 2.85 0.20 

90 35 90 40 80 13 
18 3 5 

to the prim ary differences be tween the sedi 
ment layers. Reactions [14] an d [ 16] explai n 
the albiti zatio n of the fe ldspars in the quartz
ites, imp lyi ng a high aNja

K
+ in the fl ui d. 

The vo lume changes and chemi cal mass bal
ances related to the for mation of the other di a
base alteration zones were calcul ated usi ng 
form ulae [ I] and [2]. The analyses compared, 
their imm obile e lement ra tios and vo lum e 
changes are presented in Table 12. 
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Table 12. Lehtovaara. Analyses compared in Figure 42, their densities, immobile element ratios 
and volume change (= dV%). The sampies of least altered rock are presented in italics . Major 

elements in wt. %, trace elements in ppm. 

alteration chloritization biotitization 

rock albite diabase 

sampie 39-2 15-3 52-4 52-13 

Si02 50.87 51.54 5/.02 51.30 
Ti02 0.68 0.74 0.83 0.87 

A1203 /3.79 14.70 12.57 13.44 

Fe203t 15.32 16.62 /5.99 17.42 

MnO 0./8 0.08 0.12 0.04 

MgO 5.90 6.23 6./8 6.22 

CaO 10.04 6.42 10.19 2.98 

Na20 2.43 3.22 2.06 4.44 
K20 0. 16 0.19 0.22 2.99 

P205 0.06 0.06 0.07 0.07 
Sum 99.41 99.79 99.25 99.77 

Br 0.54 1.59 <0.5 <0.5 
S 270 70 520 560 

Sb 0.24 0.24 0.21 0.07 

As / .45 1.14 1.00 0.37 
W <1 0.53 < / <1 

Cs <1 <1 0.50 3.22 
Rb </5 <15 7.3 120 
Ba 41 <50 4/ 297 
Cu 160 30 140 20 
Co 49 44 52 38 
Ni 77 67 105 86 
La / .35 < I / .07 5.55 

Sm / .05 1.14 / .35 1.33 
Sc 48.4 41.9 46.6 42.5 
Ta <0.5 <0.5 <0.5 <0.5 
V 330 330 380 390 

Cr 47 36 147 91 
U 0./0 0.20 0. 11 0.36 

Th <0.5 <0.5 0.2/ 0.41 
Zr 50 60 50 50 

Alm 20.3 19.9 / 5.2 15.5 
Al/Zr 2758 2450 25 /4 2688 
Ti/Zr / 36 123 /65 174 

density 
(kg/m3) 2972 2893 3059 2924 
dV% -5 ±O 
ref. to Fig. 42A 428 

Intensive albitization of quartzite 

The chemical changes that occ urred during 
the inte nsive a lbitization of the quartzite are 

carbonation carbonation + 
sericitization 

lamprophyre albite diabase 
39-2 1042-1 54-5 54-4 /5-5 55-2 

50.87 49.91 54.40 54.27 5/.08 53.56 
0.68 0.64 / .80 1.79 0.78 0.89 

/3.79 13.12 /4.52 15. 11 13.04 14.40 
/5.32 4.76 4.73 1.66 15.64 19.55 
0. / 8 0. 12 0.04 0.05 0./3 0.07 
5.90 4.78 4.35 2.5 1 5.78 2.45 

10.04 10.06 4.84 6.20 /0.15 2.40 
2.43 6.88 6. /9 8.04 2.34 2.6 1 
0.16 0.27 /.75 0.24 0./3 3.28 
0.06 0.06 1.27 1.27 0.07 0.08 

99.55 90.61 93.90 91. 13 99.14 99.29 

0.54 0.65 <0.5 <0.5 0.36 0.26 
270 2750 110 50 /00 250 

0.24 0.34 0.536 0.951 0. 19 0.19 
1.45 2. 14 / .11 1.29 / .39 0.50 
0.73 11.00 6.54 26.4 0.30 0.85 

< / <1 0.62 < 1 </ 0.70 
<15 13.8 60. / 9.2 <15 <15 

4/ 47 491 40 45 441 
160 60 <10 < 10 110 0 
49 48 23. / 3.05 46 24 
77 45 54.4 36.7 40 63 

1.35 5.84 / 38 162 / .9/ 2.73 
1.05 1.45 13.8 16.3 /.35 1.16 
48.4 57.3 22.8 10.3 47.7 34.8 
0.24 0.35 1.36 1.66 0.26 <0.5 
330 160 200 150 370 400 
47 35 /27 114 42 77 

0. /0 0.57 6.3/ 4.0 1 0. /0 0.37 
<0.5 <0.5 17.2 20. 1 <0.5 <0.5 

50 40 490 480 50 60 

20.3 20.4 11.9 11.4 /6.7 16. 1 
2758 3280 296.3 3 14.79 2608 2400 

/ 36 16 1 36.8 37.2 /57 149 

2972 2449 2580 2561 2973 2837 
+28 ±O -8 
42C 420 42E 

presented in Figure 41. On account of the pri
mary co mposi ti o na l differences between the 
sed iment layers, no sam pie pairs suitable for 
mass ba lance ca lculation s was found. The 
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Fig. 40. Plots ofthe most mobile major elements vs. SiO/ Al,o, in the least altered types of quartzite at Lehtovaara. The ranges 
of SiO/Al,03' a rough measure of the grain size of sediments (Taylor and McLennan 1985), for silt, fine sand and sand are 
indicated at the bottom of the figure. 

grade of brecciation is extremely low and the 
Si vs. SiO/ AIP3 and AI vs . SiO/AI20 3 corre
lations are good, so that the volume change and 
Si and AI mobility connected with the altera
tion were probably low. Figure 41 gives only 
the alteration trends, which become more dis
tinct if the change in concentration is large. Na, 
As, Sb and W enrichment and Fe, K, Ba and Rb 
depletion took place during the intensive albi
tization of the quartzites , whereas Si, Ti , AI, 
Co, Sc, Th, V and Zr were immobile. The 
mobility of the other elements is unclear, partly 
because of the overlapping weak carbonation 
and partly because of primary differences be
tween the sediment layers. Reactions [14], [16] 
and [18] (Table 2) explain the mobility of the 
alkaline and alkaline-earth elements and imply 

a high aNa/aK+ and aN./aFe2+ fluid. The Fe loss 
can be explained by the albitization of sericite 
[18], as sericite can incorporate much more Fe 
than albite (Deer et al. 1962a, Smith and Brown 
1988). 

The enrichment of As and Sb is combined 
with weak sulphide formation , but the absolute 
amounts of As and Sb in the quartzite are low, 
and it is thus possible that the enrichment of 

these elements indicates a weak, reducing; but 
independent alteration stage postdating albiti
zation and carbonation. Thi s is also supported 
by the quartzite sampies with the highest S 
concentrations, which are found in both the 
least altered and the intensi vely albitized and 
the carbonated zones (Fig. 41). This kind of 
alteration is related to late stage sericitization 
at Palovaara, but at Lehtovaara the latter is 
weakly developed and identifiable only in the 
albite diabase. 

Chloritization 

Several elements were immobile during 
chloritization of the albite diabase (Table 
12 and Fig. 42A , p. 74) . The rock volume 
loss was approx . 5% (Table 12) . The mo s t 
notable relative chemical changes were the 
lo sses of Si , Mn , Ca, S, As, Cu and Cr and 
the gains in Na, Br and U, most of which 
a re explained by reaction s [6], [8] and [9]. 
In addition, th e depletion of S, As and Cu 
can be explained by sulphide decompo s i
tion (reac ti ons [34] and [35]) and the en
richment of Br and U by their fixation in 
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Fig. 4 1. Plots of major and trace e lements vs. SiO/AI,o, for the least altered, carbonated and intensively albitized types of quartzite 
at Lehtovaara. The ranges of SiO/AI,0 3' a rough measure of the grain size of sediments (Taylor and McLennan 1985), for si lt, fine 
sand and sand are indicated at the bottom of the figure. 

the chl orite lattice, but the reason for the Cr 
depletion remai ns unc lear. The reactions imply 
an ac id, weak ly reduc in g, intensively hydrating 
fl uid . 

Biotiti zation 

Most elements were immobi le during biotiti

zation of the a lb ite dia base and the volume 
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Fig. 41. Continued. 

changes were negligible (Table 12 and Fig. 
42B). Mn, Ca, Sb, As , Cu, Co and Cr were 
depleted and Na, K, Cs, Rb, Ba, La, U and Th 
enriehed. The reaetions [10] and [12] explain 
the mobility of Mn, alkaline and alkaline-earth 
elements, while the Sb, As , Cu, Co and Ni 
mobilities may be related to reaetions [10] and 
[33]. The reactions imply a near-neutral or 
mildly acid, weakly reducing fluid with low 
a

Ca2
/a

K
+. Only the reasons for La, Cr, U and Th 

mobility remain unelear, and it is possible that 
their mobility may be related to the later, weak 
carbonation, although the fluctuation in 1

0 2 
can 

also explain the mobility of U. 

Carbonation 

The chemical changes related to the carbona
tion of the quartzite were mostly insignificant 
(Fig. 41) , and only Ca was indisputably mobile. 
The reason for the small obvious ehanges was 
the low intensity of carbonation. 

The changes were far greater in the mafic 
rocks than in the quartzite . Iron , Mn, Mg, Cu , 
Ni, V and Cr concentrations decreased in the 
albite diabase (Fig. 42C) and Na, K, S, Sb, As, 
W, La, Sm, Sc and U increased , while in the 
lamprophyre (Fig. 42D) the Fe, Mg, K, S, Rb , 
Ba, Co, Ni, Sc, V and U concentrations de-
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Fig. 42. Enrichment factors of the elements showing the chemical gains and losses during alterations in diabase and lamprophyre at 
Lehtovaara (y-axis). Only analytica l results with small errors are used in the calcul ations, so that the element sets are different in the 
figures. The main components are presented in a typical orderof analytical results. The general mobility of the trace elements decreases 
from Icft to right (Rose et al. 1979). The calculations are based on comparisons between one altered and one less altered sampIe. Note 
the logarithmic scale of the y-axis. A: Chloriti zation ofalbite diabase. B: Biotiti zati on of albite diabase. C: Albitization and carbonation 
of albite diabase. D: Advanced albitization and carbonation of lamprophyre. E: Carbonation and sericitization of albite di abase. 

creased and Ca, Na, Sb and W increased par
alle l with th e progression of carbonation . The 
grade of brecc iation is reflec ted in the rock 
volume changes, and only the albite di abase 
was brecc iated intensively, g iving a volume 
increase of nearly 30% in the hi ghl y carbonated 
zones (Table 12). The lamproph yre and quartz

ites did not brecciate and their volume did not 

change. The ca rbonation reaction s [2 1], [23] 
and [26] explain most of the chemical changes 
in the a lbite diabase, [17] and [25] in the lam
prophyre, and [29] in the qu artzite . Reaction 
[33] or [34] will explain the mobility of S in 
each ca rbonated zone, and poss ibl y that of Sb, 
As, Cu, Co and Ni. The reactions and the g rade 

of the chemical changes imply to a dehydrating, 



near-neutral , Na-rich fluid with fluctuating 1
0 2 

and I C02
' Scheelite formation is required for 

thorough W enrichment. 
The apparent increase in K concentration 

related to the carbonation of the albite diabase 
(Fig. 42C) is actually caused by the overlap
ping of the biotitized and carbonated zones in 
the carbonated sampIe used in the mass balance 
calculations. The grade of biotitization of this 
sampIe is so low, however (Table 12) that it 
most probably had no appreciable effect on the 
concentrations of the elements other than K. 

Ser ici ti zat ion 

The chemical changes demonstrated in Fig
ure 42E and the comparison between the chemi
cal compositions of the alteration types (Tables 
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10 and 12) indicate a distinct se ricitizati on 
trend : losses of Si , Mn, Mg, Ca, Br, As, Cu, Co, 
Sm and Sc and gains in K, S, W, Ba, Cr and U. 
Most of the chemical changes can be combined 
with the carbonation and sericitization reac
tions [18], [21], [22] , [24] - [26] and [28] (Table 

2) and acid fluid with a low aCa2/aK+ and aNa/a K+. 
The reac tion s [33] and [34] explain the mobil
ity of S, As , Cu and Co and schee lite formation 
the increase in W concentration. The acidity of 
the fluid may have been caused by H+ release 
during carbonation, which implies that serici
tization was a later phase of the carbonation 
stage. If thi s was the case, the smal l area cov
ered by se ricitization indicates that either the 
a

K
+ of the carbonating fluid or the H+ release 

related to carbonation was high only in restricted 
areas at Lehtovaara. 

Siva kkavaa r a 

The least a lte r ed r ocks 

The chemical compositions of the rocks in 
the alteration zones are presented in Tables 13-
16 (pp. 76-79). The chemical data for the least 
altered albite diabase and felsic dykes plotted 
on an alkali ratio diagram (Hughes 1973) indi
cate that most sampIes are inside the igneous 
field (Fig. 43). This suggests that, other than hydra
tion , the alterations had only minor chemical 
effects on the inner part of the dykes. The occur
rence of K feldspar and the low concentrations 
of hydrous minerals also indicate a very low grade 
of alteration in the interiors of the felsic dykes. 

The formation of the least altered zones in 
the diabase dykes was characterized by a com
bination of reactions [I] and [8], but only by 
react ion [11] in the felsic dykes (Table 2). 
These reactions imply that Si, Mn , Mg, Ca, Na, 
S, Cu, Ni and Co were mobile in the diabase 
and Ca and K in the felsic dykes. The fluid was 
weakly acid and reducing in the diabase but 
may have been near neutral in the felsic dykes. 
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Fig. 43. The least altered igneous rocks at Sivakkavaara, plolled 
on the alkali ratio diagram of Hughes (1973). 

The absolute element enrichments and deple
tions in the diabase and felsic dykes were weak 
however (Fig. 43) , consisting only of modest 
gai ns and los ses in the concentrations of the 
alkali ne elements. 

The mineral association of the least altered, 
inner part of the lamprophyre was probably 
formed by the decomposition of primary sili 
cates and oxides by low pH, weakly reducing 
fluid (reaction [2]). Re lated to this reaction , 
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Table 13. Chemical compos ilions of albite di abases and lamprophyre at Sivakkavaara. 

Major elements in wl. %, trace elements in ppm. 

Northern albite diabase Southern albite diabase 
I eas t altered imensively least al tered intensively 

(amhibole- carbonated (amhibole- biolilized 
biolite) + biotitized biolite) 

avg std 
Si02 50.96 1.08 46.37 50.60 48.81 

Ti02 0.98 0.06 0.96 0.42 0.39 

A1203 13.38 0.18 12.63 15.38 13.03 

Fe203t 12.66 1.93 12.54 12.88 12.78 

MnO 0.1 9 0.02 0. 19 0.04 0.04 

MgO 6.79 0.31 6.75 8.30 9.99 

CaO 8.94 1.41 4.46 6.09 4.95 
Na20 2. 12 0.52 3.5 1 3.1 1 2.27 
K20 1.81 0.88 3.97 2.70 5.81 

P205 0.09 0.01 0.08 0.03 0.03 
sum 98.92 1.1 0 91.77 99 .1 7 98.35 

Br 1.12 0.67 < I <1 < 1 
S 590 173 990 110 120 

Sb 1.41 0.17 0.39 0.55 0.36 
As 9.39 2.14 1.72 2.24 0.91 
W < I 2.26 <1 <1 
Cs 1.05 0.38 3.98 1.43 4.29 
Rb 54 25 156 74 19 1 
Ba 629 300 1040 404 636 
Cu 140 22 30 30 20 
Co 42 4 25.8 26.4 25.4 
Ni 80 26 65.8 106 139 
La 5.61 0.91 16.7 3.49 51.5 

Sm 2.36 0.36 4.31 1.17 5.70 
Sc 62 2 55.5 48.5 45 
Ta <0.2 0.16 <0.2 <0.2 
V 300 13 290 240 190 

Cr 262 57 187 187 464 
U <0.3 0.86 <0.3 0.58 

Th 0.56 0.20 0.60 <0.5 <0.5 
Zr 90 9 70 30 30 

n 6 I I 1 

Mn , Sand the alkali ne and alkaline-earth el
ements we re mobile . More precise est im ates 
are not poss ibl e, because unaltered lampro
phyre does not exist and the common diagrams 
used to test a ltera tion s in ig neous rocks are not 
suitable for lamprop hyres. 

The least a ltered type of quartzite is charac
terized by the albiti zat ion reactions [14], [16] 
and possibly [18], whi ch a ll proceeded to the 
e nd . The f lui d was near neutral and had hi gh 

lamprophyre 
carbonated least altered carbonated carbonated 
+ intensively (weakly and 
biotitized carbonated) sericiti zed 

avg std 
51.25 48.50 46.17 0.57 46.50 

0.50 1.28 1.25 0. 16 1.35 
14.94 11.00 11.10 0.78 12.00 
11.54 10.07 9.35 2.44 11 .03 
0.03 0.13 0.18 0.04 0. 14 
9.08 10.40 8. 13 0.50 7. 17 
2.29 8.06 6. 12 1.60 5.82 
3.42 2. 16 2.78 0.63 2.79 
4.26 2.74 3.54 0.80 3.6 1 
0.04 0.59 0.67 0.01 0.69 

97.69 95.60 91.87 1.88 93.70 

<1 1.1 7 <1 <1 
2610 140 1160 588 280 
0.29 1.06 2.13 1.39 1.39 
2.63 2.86 2.04 0.22 2.59 

<I < 1 18.2 15.7 11.6 
4.29 3.55 3.2 1 2. 14 4.00 
192 99 103 76 156 
569 3490 2788 2525 2700 

20 30 40 15 20 
79.7 43.2 17 12 58.2 
146 116 105 53 79.4 

17.0 52.7 80.4 22.1 65.1 
<2 7. 19 10.9 3.9 8.43 

47.4 55.7 44 12 53.7 
<0.2 0.80 0.92 0.11 1.03 
220 230 210 35 220 
262 962 448 347 538 
1.1 9 4.46 3.29 0.91 3.77 
0.60 25 23 5 26 

40 380 390 65 400 
I I 3 1 

aNja K+. The quartzite was dep le ted in K , Rb 
and Ca and enriched in Na, as supported by the 
average com positio n of the least a ltered quartz
ite (Tab le 15 ), the Na concentration in which is 
distinctly hi gher and Ca and Klower than in an 
ave rage arkose quartzite as calcu lated by Petti 
john et al. ( 1987). 

The vo lume changes and chemica l mass bal
ances re lated to the formation of the other al
teration zones in the dykes we re calculated 
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Table 14. Chemical compositions of felsic dykes at Sivakkavaara. 
Major elements in wt. %, trace elements in ppm. 

Rhyolites Ouartz latites Ouartz trachyte Trachytes Lati-andesites 
least altered least altered carbonated least altered least altered carbonated carbonated 

+ sericitized 
avg std avg std avg std 

Si02 71.07 5.09 64.95 1.89 63.00 1.36 
Ti02 0.25 0.05 0.61 0.28 0.72 0.01 

A1203 14.69 2.55 15.96 1.08 15.47 0.25 
Fe203t 2.79 1.26 4.25 1.62 3.04 0.81 

MnO 0.10 0.09 0.08 0.05 0.11 0.03 
MgO 0.98 0.44 1.65 0.61 1.49 0.11 
CaO 1.35 0.84 2.62 0.67 4.67 0.28 

Na20 5.33 1.12 5.38 0.22 6.36 1.14 
K20 2.28 0.84 3.36 0.94 1.70 0.73 

P205 0.1 1 0.04 0.16 0.01 0.13 0.00 
sum 99.50 0.66 99.60 0.23 97.22 0.29 

Br 1.02 0.49 0.80 0.08 < I 
S 1440 2131 620 531 2730 3208 

Sb 0.60 0.15 0.99 0.76 0.77 0.13 
As 1.91 0.48 2.70 0.99 2.35 0.88 
W 4.28 3. 16 3.36 2.51 10.76 2.49 
Cs <0.5 0.72 0.32 <0.5 
Rb 55 19 70 20 32 11 
Ba 4728 2943 4477 1949 2527 837 
Cu < 10 27 21 <20 
Co 6.0 7.5 4.9 5.4 12.8 13 .3 
Ni <40 <40 <40 
La 17. 1 5.4 19.6 3.6 14.9 10.6 
Sc 6.2 1.1 12.2 4.0 12.1 1.4 
Ta 0.38 0.14 1.11 0.64 1.22 0.07 
V 50 9 80 21 90 12 

Cr <40 <40 <40 
U 3. 17 0.95 8.38 6.56 9.14 0.74 

Th 10 2 45 40 28 9 
Zr 180 23 320 110 340 32 
n 8 3 3 

us ing formulae [I] and [2] . The analyses com

pared, thei r immobile element ratios and vol
ume changes are presented in Table 16. 

Biotitization in albite diabases 

Chemical changes related to the biotiti zation 
of albite diabase are difficult to present with 
acc uracy , as no suitable pairs of sam pIes were 
found for the mass balance calculations. The 
major component, S, Rb and Ba concentrations 
of the two most s imilar sampIes are compared 

+ sericitized 
avg avg avg 

63.45 60.31 65.78 58.87 
0.64 0.82 0.73 0.92 

15.80 14.19 15.79 12.69 
6.58 8.31 4.30 7.26 
0.09 0.07 0.10 0.1 6 
0.47 1.78 0.97 2.46 
1.08 2.35 2.31 7.24 
3.39 2.12 8.76 3.35 
7.61 8.91 0.21 3.10 
0.12 0.42 0.14 0.71 

99.93 99.95 99.87 97.23 

2.50 1.52 0.91 <I 
350 340 1510 660 
1.44 1.53 1.54 0.72 
4.76 4.22 3.1 3 1.87 
7.72 2.34 4.18 5.44 
0.61 1.27 <0.5 <0.5 
108 158 11 72 

6140 5665 6020 3495 
<20 30 <20 <20 
3.8 11.3 2.9 7.8 

<40 <40 <40 <40 
34.4 17.7 33.0 36.7 
10.7 20.0 10.6 25.7 
1.15 1.11 1.27 0.82 

80 130 100 150 
<50 92 45.3 8 1.7 
11 .0 11 .6 12.6 3.92 

33 30 33 15 
370 320 390 240 

2 2 I 2 

in Figure 44A. Due to the primary differences 
between the sampIes (Table 16), the methodological 

error in this comparison is greater than in better 
established cases, so th at enrichment factors 
between approx. 0.8 to 1.2 may be within the 
limits of the poss ible error. The most obvious 
chemical changes related to biotiti zation were 
the Mg, Ca and Na losses and K, S, Rb and Ba 

gains. The mineral assemblages indicate that 
reactions [10] and [12] were related to biotitiza
tion, as they ex plain fairly weil the changes in 
the alkaline and alkaline-ea rth element concen-
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Table 15. Chemical composition 01' quartzites, tuffs, tuftites and siliceous carbonate rocks at Sivakkavaara. 
Major elements in wt. %, trace elements in ppm. 

Average Quartzi tes 
arkose I eas tal tered weakly moderately 
(Pettijohn (albitized) carbonated carbonated 
et al. 1987) + sericitized + sericitized 

avg std avg std 
Si02 80. \5 77.33 2.96 74.27 2.35 76.6 \ 
Ti02 0.3\ 0.20 0.05 0.21 0.04 0.20 

AI20 3 9.04 13.03 1.73 \4.01 1.70 11.70 

Fe203t 2.39 1.09 0.25 1.45 0.38 1.95 
MnO 0.2 1 0.04 0.0\ 0.04 0.0 \ 0.05 
MgO 0.52 0.38 0. \ 8 0.87 0.40 1.28 
CaO 2.8 \ 0.3\ 0.\6 1.00 0.46 1.85 

Na20 1.56 6.78 0.97 6.38 0.78 0.8 \ 
K20 2.9 \ 0.48 0.08 1.\6 0.67 3.8 \ 

P205 0.\0 0.09 0.02 0.08 0.0\ 0.08 
sum 99.90 99.82 0.02 99.60 0.38 98.62 

Br 7.24 0.39 5.33 \.45 2.09 
S 20 39 50 60 50 

Sb 0.42 0.07 0.45 0.07 0.62 
As 1.95 1.87 1.08 0.32 <0.5 
W <\ 1.96 3.96 2.84 
Cs <\ < \ < \ 
Rb \4 5 28 \7 83 
Ba 2 \8 50 55\ 285 1570 
Cu < 10 < \0 < 10 
Co 2.2 0.8 2.9 2.3 2.6 
Ni <40 <40 <40 
La 7.23 5.41 8.43 4.46 9.82 

Sm 2.5 0.8 3.5 3.2 1.7 
Sc 4.6 0.9 4.9 0.8 5.3 
Ta 0.34 0.05 0.38 0.10 0.33 
V 20 5 30 5 30 

Cr 79 \0 8 1 \7 82 
LJ 0.87 0. 14 0.98 0.52 0.68 

Th 4.67 0.63 4.38 0.5 1 5.43 
Zr \70 50 \80 32 \90 
n 6 9 I 

trat ions . The pyrite fo rm at io n reaction [34] ex

pl a in s th e inc rease in the S concentrat ion. The 
reac ti ons impl y a reduc ing, near ne utra l or mild

Iy ac id , low aCa2/a K+ and aNa/a K+ fluid . 

Carbonation, albitization and 
sericitization 

It is a lmost impossible to treat ca rb o na ti o n as 

a separate a lterati o n stage a t Sivakkavaara, be

cause th e se ri ci ti za ted zo nes almost comp lete ly 

Tuffs Tuffites Siliceous carbonate rocks 
least al tered albitized + chloritized tremoli te- tremolite + 
(chlorite + carbonated + biotitized bearing phlogopite 
biotite) bearing 

avg avg std avg std 
60.23 64.66 58.08 54.60 3.97 40.67 4.4 \ 

0.57 0.51 0.55 0.23 0.0\ 0.27 0.06 
\3.98 12.90 13.48 4.97 0.88 6.43 1.34 
7.25 4.6 1 9.33 3.25 0.27 6.34 4.08 
0.05 0.09 0.04 0.09 0.02 0.08 0.02 

10.57 4.61 10.02 \5.42 0.44 16.07 1.14 
0.17 2.73 0.01 15.03 3.88 \7.35 6.53 
2.43 4.86 0.05 2.01 0.8 \ 0.\5 0.\6 
0.88 2.45 5.32 0.\2 0.03 3. \7 0.52 
0.05 0.03 0.0 \ 0.44 0.04 0.44 0.\6 

96.28 97.69 97.\8 96.23 2.04 91.08 2.65 

0.86 0.9\ 0.52 18.9 24.5 < \ 
30 330 <20 \30 1\8 30 5 

1.09 0.63 0.52 0.89 0.20 0.54 0. \4 
1.06 1.86 0.47 5. \7 0.20 4.42 1.68 
7.32 1.85 1.38 0.64 0.\9 0.38 0. \7 

< \ 1.1 9 1.3\ < \ 2.87 1.25 
20 90 \37 8 0 \22 39 

502 1440 2535 66 30 387 293 
< \0 < 10 < \0 < \0 < 10 
7.77 5.52 9. \ 8.5 0.3 \7.3 \3.9 
<40 <40 <40 3\ 1 59 59 
1.62 3.02 1.81 3.00 0.92 6.58 3.7 1 
n.a. n.a. n.a. n.a. n.a. 
17.6 13.5 17.9 5.7 0.1 8.7 5.6 
0.73 0.62 0.66 0.40 0.\\ 0.40 0.11 

20 30 40 30 6 80 92 
\53 \48 \44 80 42 89 60 

0.57 0.82 0.80 1.80 0.22 1.59 0.42 
4.0\ 2.73 2.33 4.62 1.25 5.38 1.8 1 
\90 280 200 140 10 \40 27 

I I 2 3 4 

overl ap with the ca rbon a ted zones (F ig. 2 1, p. 

37). The c he mi ca l effec t of se ri ci ti zat io n was 

mostly s ma lI , howeve r, as indi cated by th e 
minima l K ga in or even K loss re lated to th e 

formation of the a lbiti zed + ca rbon ated + se ri

c iti zed zo nes in seve rallithologica l unit s (Fi gs . 

44D-44G). The a lteration reactions indicate a 

hi gh aN,/a K+ and j~02' near-neutra l, H+ releasing 
fluid , and the com prehe ns ive loss of U impli es 

ox idi z ing conditions. The H+ release ca used a 

su bs tanli a l decrease in pH afte r ca rb o nation 
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Table 16. Sivakkavaara. Analyses compared in Figure 44, their densities , immobile element ratios and volume changes (= dV%). 
The sampIes of least altered rock are presented in italics. Abbreviations: ab = albitization , bt = biotitization, cb = carbonation , 
se = sericitization. Major elements in wt. %, trace elements in ppm. Number of sampIes included in the average analysis is indicated 
in parentheses after the abbreviation "avg". 

altera- biotitization biotitization + albitization + carbonation + sericitization 

tion carbonation 
rock diabase diabase trachyte lamprophyre quartz-Iatite lati-andesite rhyolite 
sampIe 35-67 35-2 avg(5) 35-17 35-18 35-21 106-1 100-2 100-1 42-29 42-31 43-1 42-6242-63 35-29 35-32 42-23 42-24 

Si02 48.95 51.02 51.36 46.37 62.31 65.78 48.50 46.50 45.70 63.99 64.87 62.43 58.77 58.97 70.76 73 .74 67.80 67.86 

Ti02 0.87 0.97 1.01 0.96 0.72 0.73 1.28 1.35 1.36 0.58 0.63 1.07 0.92 0.92 0.27 0.27 0.28 0.28 

A1203 13.33 13 .7 1 13.39 12.63 15.27 15.79 11.00 12.00 12.00 15.80 16.78 14.41 12.74 12.64 15.88 14.79 15.72 15.53 

Fe203t 11.57 14.82 12.88 12.54 7.35 4.30 10.07 11.03 10.58 5.16 2.46 5.19 8.52 5.99 2.22 1.92 5.58 2.37 
MnO 0.20 0.20 0. 19 0.19 0.09 0.10 0. 13 0.14 0.14 0.05 0.07 0.02 0. 16 0.17 0.01 0.07 0.32 0.09 
MgO 7.36 6.72 6.68 6.75 0.71 0.97 10.40 7. 17 7.86 0.72 0.57 4.75 2.45 2.46 1.76 0.53 0.46 0.45 
CaO 11.62 7.53 8.40 4.46 1.43 2.31 8.06 5.82 5.36 1.69 5.1 0 1.30 6.47 8.00 0.28 0.51 1.34 4.64 

Na20 2.59 2.27 2.03 3.51 3.48 8.76 2.16 2.79 3.00 3.42 3.45 5.46 4.14 2.55 6.35 5.05 6.44 5.69 
K20 0.19 1.72 2.13 3.97 7.73 0.21 2.74 3.61 3.74 7.82 4.24 2.86 2.48 3.71 1.97 2.26 1.79 2.44 

P205 0.08 0.08 0.09 0.08 0.13 0.14 0.59 0.69 0.66 O. ll 0.11 0.87 0.72 0.70 0.10 0.09 0.10 0.10 
sum 96.75 99.04 98. 15 91.46 99.22 99.09 94.94 91.08 90.40 99.34 98.28 98.37 97.36 96.11 99.60 99.22 99.83 99.45 

Br 0.92 < I 1.94 <1 1.17 0.25 1.33 2.38 0.86 <1 <I <1 1.22 1.17 0.90 1.00 
S 260 560 658 990 340 1510 140 280 1820 400 80 4450 510 810 260 1070 1000 280 

Sb 1.44 0.39 2.15 1.54 1.06 1.39 3.68 1. 05 0.62 0.95 0.82 0.63 0.67 0.79 0.70 0.53 
As 9.43 1.72 4.88 3.13 2.86 2.59 2.19 3.31 1.43 3.92 1.76 1.98 2.07 1.92 2.02 1.3 
W <1 < 1 2.59 4.18 8.29 11 .6 36.1 8.60 13.8 13.4 6.87 4.00 4.40 9.48 4.04 6.17 
Cs 1. 31 3.98 0.62 0.35 3.55 4.00 0.92 0.74 0.55 1.72 0.58 0.60 <0.5 <0.5 <0.5 <0.5 
Rb 6.5 48.8 62.9 156 97.7 10.7 99.4 156 15.7 141 69 .1 87.3 56.3 86.9 48.2 50.3 44.1 51.4 
Ba 102 572 734 1040 6230 6020 3490 2700 63 4210 6020 2480 3100 3890 2190 5220 2100 2230 
Cu 140 30 30 <10 <10 <10 <10 <10 20 6930 IÜ 20 <10 20 <10 20 
Co 42.7 25.8 2.37 2.88 43.2 58.2 3.94 5.16 3. 18 9.17 6.4 1 9.23 2.77 1.94 ll .O 3.82 
Ni 79.4 65.8 27.0 <40 116 79.4 43.8 <40 <40 26.0 36.0 35.3 <40 <40 <40 <40 
La 5.28 16.7 14.2 33.0 52.7 65.1 103 58.5 11.0 15.2 46.8 26.6 26.2 22.9 17.6 10.6 

Sm 2.22 4.31 <10 <10 7.19 8.43 15.3 <10 <10 <10 < 10 <10 <10 <10 <10 <10 
Sc 62.0 55.5 13.9 10.6 55.7 53.7 31.3 9.26 13.2 23.9 25.7 25.7 7.12 5.8 6.44 6.82 
Ta <0.3 <0.3 1.10 1.27 0.80 1.03 0.92 0.95 1.13 1.36 0.80 0.84 0.64 0.26 0.52 0.41 
V 304 290 90 100 230 220 230 70 110 150 140 160 40 50 50 50 

Cr 257 187 <100 45 962 538 89 <40 <40 44 74 89 36 <40 <40 <40 
U 0.36 0.86 14.0 12.6 4.46 3.77 2.24 13.3 6.29 14.9 2.69 5.15 2.96 2.56 4.54 3.10 

Th 0.56 0.60 33.4 32.8 24.6 25.7 17.5 36. 1 34.2 26.2 15.7 14.5 14.2 12.4 12.2 11 .9 
Zr 92 70 360 390 380 400 390 400 380 290 240 240 200 200 190 200 

Alm 15.3 14.1 13.3 13.1 21.1 21.6 8.6 8.9 8.8 27.1 26.6 13.5 13.9 13.7 59.5 55.0 55.9 55.3 
Al/Zr 1456 1804 424 405 289 300 308 395 442 497 53 1 527 794 740 827.4 777 
Ti/Zr / 09 137 20. 1 18.7 33.8 33.7 34.9 14.6 16.6 36.9 38.3 38.4 13.4 13.5 14.8 14.1 

density 
(kgJm3) 2943 2979 2991 2904 2647 2643 2968 2803 2740 2645 2647 2547 2658 2738 2574 2536 2635 2614 
dV% +1 3 +8 -1 +1 +2 -8 +11 +8 +1 +1 
ref. to 
Fig, 44A 44B 44C 440 44E 44F 44G 44G 

and made seric ite prec ipitat ion poss ibl e. The 
crysta lli zation of c hlorite instead of seric ite 

indica tes a hi gher aMg2/a K+ and pH than during 
se riciti zation, but still acid conditi o ns. 

The effect of carbonation in the a lbite di a
base becomes c learer whe n Figures 44B (bi ot i

tization + carbo nat ion) and 44A (b ioti ti zati o n 
o nl y) a re co mpared. This suggests that the Sb, 
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Fig. 45. Plots of major and trace elements vs. SiO/ AI,OJ in the least altered , weakly carbonated and sericitized and moderately 
carbonated and sericitized types of quartzite at Sivakkavaara. The ranges of SiO/ Al,OJ' a rough measure of the grain size of 
sediments (Taylor and McLennan 1985), for clay, silt and fine sand are indicated at the bottom of the figure. 

As, Cu and Co concentrations decreased , Mg, 
Ca, Na and REE increased and Ti, Fe, Mn, P 
and Th (and possibly a lso Si, Ni, Cr and Zr) 
were immobile. The albitization and carbona-

tion reactions [17], [21], [23] and [26] explain 
most of the changes, but the increase in the 
REE concen trations does not fit with the de
composition of sphene (Pan et al. 1993) , al-
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Fig. 45. Continued. 

thought it fits weil with intensive carbonation 
in general (Wood 1990a, 1990b). The produced 
decrease in the Sb and As concentrations imply 
sulphide decomposition (e .g., [34]), but be
cause the S concentration did not decrease, it is 
possible that the sulphides only recrystallized 
and lost As and Sb. 

Carbonation and albitization of a trachytic 
dyke is illustrated in Figure 44C. The chemical 
changes were losses of Fe, K, Sb, As , W, Cs, 
Rb and Sc and gai ns in Mg, Ca, Na, Sand La. 
The albitization , carbonation and sericitization 
reactions [16], [21], [26] and [29] explain most 
of the changes. 

Alteration in the lamprophyre reflects fairly 
" pure" carbonation (Fig . 44D), as the albitiza
tion and sericitization grades were low. The Si, 
Mg, Ca, As , Cs, Ba, Ni, Cr, U and Th concen
trations decreased, Na, K, S, Sb and W in
creased and Ti , AI, Fe, Mn, P, Ta, V and Zr 
remained immobile . The changes are explained 
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by reactions [17], [19], [21]-[23], [26] and [34] 
and by scheelite formation. The loss of Ca 
during carbonation is surpri sing, as the Ca sili
cates were obvious ly not replaced by an eq ui 
valent amount of Ca carbonate. 

The changes related to the albitization, car
bonation and sericitization of quartz-Iatitic, 
lati-andesitic and rhyolitic dykes are demon
strated in Figures 44E-44G. The chemical ef
fects of albiti zation (reactions [14] and [16]) 
and serici tization (reactions [18], [22] and 
[27]-[29]) were minimal in these rocks because 
the alka li metal concentrations decreased or re
mained unchanged, which implies a low alkali 
metal concentration in the fluid. Carbonation 
(reactions [21], [25] and [26]) was more sig
nificant, as the Mn and Ca concentrations in
creased and Si , Fe, Na, La, U and Th were also 
mobile. In addition, the decreases in S, As and 
Sb concentrations imply the pyrite decomposi
tion reaction [33J. Ti, AI and Zr were immobile 



in each dyke, but P, V and Th were also immo
bile in most cases. 

The rock vol ume change (Table 16) was 
approx. +10% in the diabase and the lati-ande
sitic dyke , which indicates a moderate grade of 
brecciation. The decrease of 8% in the volume 
of quartz-Iatite reflects the replacement nature 
of sericitization. In the other dykes the volume 
change was less than 2%, indicating a low brec
ciation grade. 

Carbonation and sericitization a lterations in 
quartzite differ from the corresponding ones in 
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igneous rocks. Although no suitable pairs of 
sampIes were found for the mass balance cal 
culations, the most notable chemical changes 
are clearly manifested by the e lement vs. 
SiO/AI20 3 

diagrams (Fig. 45) , in whi ch the 
Mg, Ca, K, Rb and Ba concentrations increased 
and Na, Sb and Br decreased, implying low 

a a/aM g2+, aNa/aCa2+ and aNa/a K+ and a change in 
pH from near neutral (carbonation) to acid 
(sericitization) . The changes are associated 
with the carbonation and sericitization reac
tions [22], [26], [28] and [29]. 

Honkavaara 

The least alte red rock s 

The chemical da ta for the least altered albite 
diabase and mafic lava (Table 17, p.84) plotted 
on an alkali ratio diagram (Fig. 46) indicate 
that most sampies are within the spilite field , 
implying an early alkaline metasomatic effect 
on the lava and diabase . The hi gh Na and low 
K concentrations of the least altered types of 
felsic volcanic rock, quartzite and tuffite (Table 
18) also imply alkali ne metasomatism. 

The formation of the least altered zones in 
the mafic lava and albite diabase is character
ized by a combination of mineral reactions [1] 
and [8] , those in the fe lsic volcanic rock by [ I ], 
those in the tuffite by [8] and [9] and those in 
the quartzite [14], [16] and [18] (Table 2). 
According to these reactions and in concord
ance with the chemical compositions (Tables 
17 and 18), there were losses of the alkaline and 
a lkaline-earth elements, with the except ion of 
Na enrichment. The reaction s also imply that 
the fluid had a high aNa/a K+ and was acid and 
weakly reducing. 

The volume changes and chemical mass bal 
ances re lated to the formation of the other al
teration zones were calcu lated using formulae 
[1] and [2] . The analyses compared, their im
mobile element ratios and volume changes are 
presented in Table 19. 

10 

/ 
• Abite diabase 

0 8 spilite fleld o MaflC lava C\l 
<1l 6 • Z •• + • /0 igneous fleld 
0 4 0 o 0 
C\l 
~ 2 

o~--------------------------~ 
o 10 20 30 40 50 60 

K20/(K2O+Na20r1oo 

Fig. 46. The least altered igneous rocks at Honkavaara, 
plotted on the alkali ratio diagram of Hughes ( 1973). 

Epidotization 

The chemical changes that took place during 
epidotization of the a lbite diabase were not 
large (Fig. 47A) and if Si , Ti, AI, Sc, U and V 
were immobile, as seems to be reali stic, there 
were no volume changes (Table 19) despite 
evident losses of Fe, Na and Br and gains in 
Mn , Ca, K, P, Ni and REE. A combination of 
reactions [I] and [3] will explain the chemical 
changes in the main components , implying an 
acid, reducing fluid with high aCa and low aFe 

and aN'. Apatite formation explains the P and 
REE enrichments . 
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Table 17. Chemical compos itions of mafi e lavas and albite diabases at Honkavaara. 

Major elements in wt. %. lrace elements in ppm. 

Albi te diabase Mafi c lava 

leasl altered epidotized chloriti zed carbonated seric itized dyke margi n fragments in amphibole 

(amhibole zone) + biotitized (i ntermed. (biotitized + volc . breccia zone + 

types only) carbonated) ( carbonated) chloritized 
aVJ( std avg std avg std avg avg std avg a"R 

Si02 54.29 3.49 5 1.99 53.44 1.87 56.49 3.29 63.70 57.29 1.82 55.93 55.36 

Ti02 1.78 0.19 1.63 1.68 0.28 2.05 0.28 2.63 0.58 0.06 1.69 1.39 

A1203 14.14 0.55 14.03 14.48 0.70 15.35 1.20 20.63 14.75 0.37 14.42 12.68 

Fe203t 12.70 4.10 7.7 1 14.50 2.34 2.85 3.07 1.62 7. 15 3. 18 10.06 14.59 

MnO 0.05 0.0 1 0.06 0.06 0.02 0.10 0.02 0.03 0.04 0.02 0. 10 0.09 
MgO 4.53 0.86 5.25 5. 14 0.77 3.30 0.67 0.63 7. 12 2.38 5.56 8. 17 
CaO 5.41 2.12 11.75 3.53 1.97 6.16 1.1 0 0.45 3.20 2.89 3.32 1.94 

Na20 6.45 1.35 4.69 5.20 0.97 8.38 0.67 6.47 5.20 1.79 6.20 3.47 
K20 0.17 0.09 0.13 1. 17 0.55 0.2 1 0.18 3.50 1.60 1.14 0.41 0.49 

P205 0.18 0.04 0 .1 7 0. 19 0.03 0.26 0. 14 0. 18 0.27 0.02 0.2 1 0. 18 
sum 99.69 0.22 97.42 99.40 0.64 95. 15 1.56 99.82 97.20 1.60 97.89 98.35 

Br 4.09 1.55 2.89 1.42 0.90 1.78 1.03 1.48 <I 1.87 1.82 
S 200 269 <20 1520 1759 1550 4728 30 111 0 1272 470 760 

Sb 0.36 0. 11 0.34 0.74 0.36 1. 10 0.2 1 2.04 0.45 0. 14 0.72 0.13 
As 1.65 0.64 2.32 2.02 3.40 0.9 1 0.67 0.96 1.00 0.86 0.57 0.37 
W < I < I < I 4.62 1.53 16.2 1.36 1.05 5.09 < I 
Cs < I < I <I < I < I < I < I 0.56 
Rb < 15 < 15 33.5 11.7 < 10 63.8 45.0 35.2 < 15 12.3 
Ba <50 <50 107 93.7 <50 230 356 4 13 41. 1 <40 
Cu 290 463 <20 460 779 1150 3397 40 150 300 5 10 530 
Co 37.9 26.2 17.2 59.2 40.6 6.6 
Ni <50 56.3 77.2 20.9 <30 
La 23.6 8.0 26.9 45.0 4 1.0 46.8 

Sm 5.92 1. 19 5.67 7.94 4.6 1 10.6 
Sc 25.7 8.51 21.2 29.9 9.87 12.2 
Ta 0.95 0. 12 0.93 0.88 0.25 1.22 
V 320 98 330 350 66 160 

Cr <4u <40 84 95 <40 
U 1.96 0.90 2.67 1.93 0.63 3.00 

Th 6.75 2.50 5.28 5.92 2.63 7.48 
Zr 180 4 320 180 22 260 

n 5 I 13 10 

C hloritization 

Th e c he mi ca l c hanges re lated to c hlo riti za

ti o n in the a lb ite di abase are presented in F ig
ure 47 B . T he c hl oriti zed sa mpIe used fo r the 
mass ba la nce ca lcul ati o ns (Tab le 19) a lso con
ta ined b io tite, as the c hlori tized zo nes a t Ho n
kavaa ra a re mo re o r less b io tit ized eve ryw he re . 
T he effec t of bio titi za ti o n is part ly avo ided , 
however, by comparing Fig ures 47 B a nd 47C, 

12.8 3.6 55.6 51.0 25.0 43.4 
16.2 163 81.3 42.8 <40 

54.8 17.9 47.7 24.1 14.5 16.1 
9.47 < 10 3.36 2.48 3.84 3.78 
4.03 9.56 20.8 2.58 28.3 40.0 
0.51 1.31 0.75 0. 16 0.76 0.50 

30 3 10 150 34 270 290 
28 3 18 57 47 48 

0.96 2.66 5.65 1.33 1.2 1 0.45 
3.02 7.4 1 26. 1 1.28 4.9 1 3.00 

11 8 260 240 16 190 170 
2 5 2 2 

a nd bea rin g in mind th at the d iffe re nce in K
2
0 

concentrati o n between the samp ies used in di a

gram 47B is only 0.7 percentage uni ts (Table 19). 

The mass balance calculations indicate that the 
roc k vo lume remained constant (Table 19). The 
most notable chemica l changes, in add ition 10 

hyd ration, were losses of Ca, a, Br and As and 
ga ins in Mg. T he changes in Fe, K, P, S, Sb, As, Rb, 
Co, Ni, La, Sc and U concentrati ons remain unclear 
because of the overlapping biotiti zati on, but were 
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Table 18. Chemical compositions of fe lsic volcanic rock, tuffite, quartzite and volcanic brecc ia at Honkavaara. 
Major elements in wt. %, trace elements in ppm. 

Quartzite Tuffite 
(albiti zed) least altered chloriti zed + carbonated 

(albiti zed) carbonated 
avg avg avg std avg std 

Si02 72.43 62.81 6 1.23 1.07 62.52 1. 88 
Ti 02 0.42 0.67 0.67 0.04 0.63 0.02 

AI20 3 14.22 16.28 15.28 0.45 14.89 0.35 
Fe203t 1.97 7. 19 6.59 2. 16 5. 10 1.79 

MnO 0.06 0.05 0.06 0.03 0.07 0.02 
MgO 0.93 1.25 3.20 1.06 2.60 0.63 
CaO 1.55 2.07 3.72 2.31 4.48 1.04 

Na20 7.56 9. 16 7.82 0.44 8.36 0.3 1 
K20 0.51 0.23 0.37 0.20 0.14 0. 10 

P20 5 0. 14 0. 15 0. 11 0.06 0. 160.05 
sum 99.77 99.85 99.03 1.49 98.96 1.46 

Br 2.43 1.07 1.1 8 0.08 1.66 0.65 
S < 10 < 10 40 34 <10 

Sb 0.65 1.05 0.60 0.33 0.73 0.22 
As 0.70 0.78 <0.5 <0.5 
W 3.80 2. 10 1.94 0.88 4. 19 1.33 
Cs 1.07 < I < I < I 
Rb < 15 <15 13.5 2.19 10.9 3.73 
Ba <50 <50 52.7 18.3 <50 
Cu < 10 < 10 80 85 <10 
Co 5.38 5.23 13.8 9.26 3.03 1.65 
Ni 63.9 <50 50.3 20.6 <50 
La 2.83 44.3 15.0 7.06 10.0 2.88 

Sm 0.78 6.28 2.47 0.90 1.55 0.38 
Sc 13.2 18.3 24.5 8.94 21. 8 7.85 
Ta 0.60 0.82 1.05 0.45 0.880. 19 
V 50 100 80 22 70 6 

Cr 97 159 202 44 199 64 
U 0.83 1.70 2.25 1.70 1.20 0.43 

Th 8.30 13.0 12.6 4.43 10.6 1. 80 
Zr 220 160 190 34 180 15 
n 2 2 4 3 

probabl y smal!. Sili con, Ti , AI , T a, V, Th and 

Zr we re ev identl y immobile . The spiliti zati on 
reacti o n [6] and the chloriti zati o n reacti o ns [8] 

and [9] e xplain the changes suffi c ientl y weil , 

indicatin g an acid , weakl y reducing fluid. 

Biot it ization 

The rock volume remained constant durin g 
biotiti zation (Table 19) . The che mi cal chan ges 

Felsic volcanic rock Volcanic breccia 
serici tized leas t altered carbonated (Iahar ?) 

(amphibole) carbonated 
avg std avg avg std 

54.32 63.77 3.23 66.42 60.30 3.98 
0.77 0.52 0.08 0.50 0.61 0. 16 

19.11 14.75 0.57 13.50 15.18 2.48 
7.1 9 7.78 1.59 5.06 3.64 1.55 
0.07 0.03 0.01 0.04 0.07 0.03 
3.25 1.38 0.91 1.76 3.20 1.95 
4.55 2.73 1.23 3.04 4.99 2.79 
7.38 8.66 0.32 7.89 8.26 1.73 
2.56 0.05 0.00 0.06 0.34 0.38 
0.1 6 0. 13 0.02 0. 12 0.18 0.08 

99.36 99.8 1 0.05 98.40 96.78 3. 15 

< I 1.23 0.32 1.88 0.70 0.40 
30 < 10 < 10 <20 

0.96 0. 15 0.04 0.47 0.64 0.24 
0.76 0.88 0.08 0.68 0.70 0.4 1 
3.24 < I 3.27 5.84 4.88 

< I < I < I <I 
44.2 < !5 <1 5 < 15 

164.0 <50 <50 48.0 30.3 
<10 <10 <10 < 10 
<10 6.05 3.1 9 1.62 2.82 1.68 
<50 35.8 7.98 <50 37 .9 24.8 
69.1 15.6 6.0 1 15.3 16.6 20.6 
7.67 3.22 0.98 3.7 1 3.12 2.30 
44.8 13.4 2.49 8.49 13.9 6.60 
1.2 1 0.57 0.3 1 0.72 0.8 1 0.26 
150 110 28 220 90 32 
21 8 122 27 99 151 63 
1.40 1.47 0.47 0.95 1.89 1.58 
15.3 9.50 2.18 7.52 13.4 7.52 
190 180 30 160 190 5 1 

I 5 2 5 

(Fig. 47C), when the precedin g chl oriti zation 
(Fig. 47B) is taken into account, we re losses of 
Mg, Ca, Cs , La and U and the gain s in Mn , K, 

S , Rb , Ba and Co. M os t of these c hanges are 
related to the biotiti zati o n reaction s riO] and 
[1 2], whi ch i ndicate , th at the fluid was reduc 
in g and near neutral o r mildl y acid , and to the 
pyriti zati o n reaction [34]. The La and U losses 

could have been cau sed by sphene decomposi
tion and the P gain by apatite form ation . 
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Table 19. Honkavaara. Analyses compared in Figures 47 and 48. their densities. immobile element ratios and volu me 

changes (= dV%). The sampies of least altered rock are presented in italics. Abbreviati ons: bt = biotiti zation. ch = 
chlori tization, ep =epidotization. Major e lements in wt. %. trace elements in ppm. The number of sampies from which each 
average was calculated is indicated in parentheses after the abbreviation "avg". 

altera- epidotization, chloritization carbonation sericitization 

tion and biotitization 

rock albite diabase fels. volc. rock tuffi te albite diabase tuffite 
sampie 1044-1 1044-3 40- 11 40-2 40-29 36-2 40- 10 39-3 1044-181044-2 avg(2) avg(4) 37-1 40-6 avg(2) avg(3) 

type ep ch bt 
Si02 53.73 5 1.99 54.39 53.98 51.87 57.88 52.48 50. 16 66.82 73.39 62.81 62.52 53.09 65.33 62.81 54.32 
Ti02 1.66 1.63 1.62 1.65 1.97 2.36 1.69 1.79 0.51 0.46 0.67 0.63 1.77 2.57 0.67 0.77 

A1203 14. 13 14.03 14.25 14.16 13.65 16.84 14.16 13.89 13.95 12.63 16.28 14.89 14.08 19.63 16.28 19.11 
Fe203 9.94 7.71 15.32 15.52 15.93 1.46 15.59 10.47 8. 14 2.05 7.19 5.10 14.41 1.40 7.19 7. 19 

MnO 0.06 0.06 0.06 0.07 0.05 0.07 0.08 0. 11 0.04 0.04 0.05 0.07 0.04 0.01 0.05 0.07 
MgO 4.92 5.25 5.17 4.5 1 5.15 2.72 5.01 4.60 0.43 0.97 1.25 2.60 4.66 0.55 1.25 3.25 
CaO 8.95 11.75 3.54 2.42 5.57 5. 12 4.11 7.26 1.44 1.80 2.07 4.48 4.94 0.48 2.07 4.55 

Na20 5.71 4.69 4.50 5.41 5.17 9.14 4.91 7.56 8.26 7.30 9.16 8.36 6.41 6.60 9.16 7.38 
K20 0.10 0.13 0.78 1.91 0.17 0 .1 6 1.47 0.38 0.05 0.07 0.23 0. 14 0.28 3.02 0.23 2.56 

P205 0.13 0. 17 0.17 0.17 0.15 0.20 0.17 0. 17 0.13 0.12 0.15 0.16 0. 19 0.20 0.15 0.16 
sum 99.32 97.42 99.80 99.80 99.68 95 .94 99.66 96.38 99.77 98.82 99.85 98.96 99.86 99.79 99.85 99.36 

Br 3.74 2.89 1.26 2.13 2.79 0.30 1.53 1.08 1.41 2. 14 2.58 1.31 
S 30 <10 150 300 210 30 1810 860 <20 <20 70 60 

Sb 0.35 0.34 0.85 1.12 0.42 1.14 0.91 1.10 0.20 0.63 0.45 1.97 
As 2.45 2.32 0.30 1.41 1.21 1.52 <1 < 1 1.00 0.83 1.50 0.30 
W <1 <I <1 <1 1.23 6.15 0.70 2.50 1.00 3.53 0.70 14.90 
Cs 0.53 <1 <1 0.34 <1 <1 <1 <I <1 <I <1 <I 
Rb <15 <15 22.0 46.7 <15 <15 42.8 8.0 <15 <15 8.8 59.6 
Ba 28.0 30.0 <50 119 <50 <50 <50 43.0 <50 <50 43.0 173 
Cu <10 <10 <10 <10 1090 10 520 1290 <10 <10 30 40 
Co 17.8 17.2 42.9 30.2 49.1 1.4 45.3 11.1 3.06 1.50 31.3 2.86 
Ni 44.3 56.3 62.9 87.7 <50 <50 66.5 69.0 47.7 23.0 <50 14.6 
La 22.1 26.9 12.5 12.4 15.7 135 18.2 14.4 21.4 13 .8 17.0 24.1 

Sm 4.76 5.67 4.03 < 10 5.21 15.7 <10 <10 3.54 3.56 5.23 <10 
Sc 22.3 21.2 26.8 22.7 32.0 20.9 24.8 22.3 9.17 5.37 26.4 7.82 
Ta 0.86 0.93 0.83 0.87 0.88 1.08 0.76 0.78 0.86 0.64 0.88 1.40 
V 310 330 330 310 440 160 340 390 100 130 360 250 

Cr <40 <40 <40 <40 <40 <40 <40 42 113 80 <40 25 
U 2.54 2.67 1.31 2.02 0.88 3.79 2.02 2.08 1.41 1.07 1.93 2.42 

Th 4.86 5.28 4.99 5. 16 5.14 7.76 4.99 5.73 8.33 4.94 5.87 6.38 
Zr 170 200 170 180 180 230 170 180 160 170 180 260 

AlfTi 8.53 8.62 8.81 8.57 6.93 7.15 8.39 7.77 27. 19 27.40 7.95 7.63 
AI/Zr 831 702 838 787 758 732 833 772 872 743 782 755 
T i/Zr 97 81 95 92 110 102 99 99 32 27 98 99 

density 

(kg/m3 2832 2920 2847 2835 29/1 2612 2820 2823 2629 2639 2915 2664 
dV% -I +2 ±O -7 -3 +11 -25 
ref. to 
Fig. 47A 47B 47C 470 47E 48A 48B 47F 48C 

Carbonation 

The chemica l changes re lated to the carbona-
tion of albite d iabase are (Fig. 47D): losses of 
Si, Fe, Mg, Ca, K, Br, S, Cu, Co, Sc and V and 



Table 19. Continued. 

altera- carbonation + sericitization 
tion 
rock albite diabase 
sampie 40-43 40-3 40-29 40-3 40-48 1044-38 

Si02 52.35 49.23 51.87 49.23 59.07 57.91 
Ti02 1.97 2.29 1.97 2.29 0.48 0.55 

AI203 13.79 16.68 13.65 16.68 14.25 15.48 
Fe203 16.29 4.38 15.93 4.38 5.46 3.28 

MnO 0.04 0.20 0.05 0.20 0.06 0.08 
MgO 4.89 4.58 5.15 4.58 4.81 4.95 
CaO 3.83 7.25 5.57 7.25 6.55 5.57 

Na20 6.23 4.54 5.17 4.54 5.89 7.70 
K20 0.25 3.27 0.17 3.27 0.58 0.96 

P205 0.17 0.17 0.15 0.17 0.23 0.28 
sum 99.81 92.58 99.68 92.58 97.39 96.75 

Br 6.17 0.20 2.79 0.20 2.58 <I 
S 660 50 210 50 2550 20 

Sb 0.42 1.43 0.42 1.43 0.28 0.68 
As 2. 17 0.30 1.21 0.30 1.59 0.18 
W 1.40 11.9 1.23 11.9 1.40 4.06 
Cs <1 <I <1 <I <1 <I 
Rb 15.0 58.2 14.0 58.2 15.0 29.2 
Ba 75.0 202 66.0 202 68.0 99.6 
Cu 280 10 J090 10 30 10 
Co 77.7 7.0 49.1 7.0 79.7 5.5 
Ni <50 33.2 <50 33.2 110 81.4 
La 29.1 21.8 15.7 21.8 73.9 52.6 
Sm 7.40 < 10 5.21 <10 <10 7.10 
Sc 34.6 25.8 32.0 25.8 20.3 17.6 
Ta 0.97 1.01 0.88 1.01 0.48 1.07 
V 330 340 440 340 90 120 

Cr <50 39 <50 39 255 260 
U 1.33 2.20 0.88 2.20 4.71 4.64 

Th 6.89 8.75 5.14 8.75 25.4 25.6 
Zr 180 220 180 220 210 240 

Alffi 7.00 7.29 6.93 7.29 29.5 28.4 
AI/Zr 766 758 758 758 679 645 
Ti/Zr 110 104 110 104 23 23 

density 
(kglm3) 2873 2511 2911 2511 2831 2603 
dV% - I ±O -4 
ref. to 
Fig. 470 470 47H 

gains in Na, Sb, W, REE and U. The changes 
in the alb ite diabase fragment in volcanic brec
cia (Fig. 47E) are losses of Si , AI(?) , Fe , Mg, 
K, Br, S, Rb , Co and La and the gai ns in Mn, 
Ca, Na, Wand Cu. Thus the changes caused by 
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carbonation in the dykes and volcanic breccia 
fragments are fairly uniform. The most signifi 
cant difference is the behaviour of Ca, which is 
probably caused by higher pre-carbonation Ca 
depletion in the dykes and higher carbonation 
intensity in the volcanic breccia. 

The losses of Fe, Co, Ni , La, Sc and Th and 
the gains in Si, Mg, Ca, K, Br, Sb, Wand V are 
related to the carbonation of felsic volcanic 
rock (Fig. 48A). The absolute Kp gai n is in 
fact negligible, only 0.02 percentage units. The 
carbonation trend of the main components in 
the tuffite (Fig. 48B) is Mn, Mg and Ca gain 
and Fe and K loss. Carbonation in felsic vol
canic rock and tuffite closely resembles car
bonation in the albite diabase dykes and the 
fragments of volcanic breccia, the main differ
ence being Mg, wh ich is depleted in the diabase 
and enriched in the more felsic rocks . This 
contrast is most probably caused by the pre
carbonation differences in composition, in that 
the mafic rocks had 3-5 fold higher Mg concen
trations than the felsic volcanic rock and tuffite 
(cf . Tables 17 and 18). The intensity of brec
ciation was greater in the felsic volcanic rock 
than in the albite diabase, as indicated by the 
volume changes of + I 0% in the felsic vo lcanic 
rock and -7 - +3% in the albite diabase (Table 
19). 

Reactions [21]-[23], [25], [26] and [33] ex
plain most of the chemical changes in the albite 
diabase and [25], [26] and [33] in the felsic 
volcanic rock and tuffite. Reaction [23] , which 
consists of albitization in addition to carbona
tion , explains the Na gain in the albite diabase. 
Scheelite formation is the probable explanation 
for the comprehensive W enrichment of the 
carbonated zones. The alteration reactions in
dicate a near-neutral, H+-releasing fluid with 

f1uctuating 10 2, pyrite and magnetite being sta
ble in the fractures and magnetite and haema
tite in the wall rock. 

Sericitization 

The greatest relative and absolute chemical 
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Fig. 47. Enriehment factors of the elements showing the ehemiea l ga in s and losses during a llera ti on s in albite diabase 
at Honkavaara (y-axi s). The ealeulations are based on comparisons between one allered and one less allered sa mpie 
unless otherwi se indieated. Note the logarithmie sca le of the y-axis . A: Epidotization ofa lbite diabase. B: C hl o riti za tion 
and weak biotitization of albite diabase . C: Intens ive biotitization of a lbite diabase (= no chlorite lef!). D: Carbo nation 
of a lbite diabase . E: Carbonation of the a lbite diabase fragment in vo leanie breccia. F: Serieitization of a lbite diabase. 
G : Carbonat ion and se ri e iti zation of albite diabase. Two al tered sampi es are eompared with the least allered type . H: 
Carbonation and ser ic iti za ti on o f the albite diabase dyke margin fragment in volcanie breccia. 
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Fig. 48. Enrichment factors of thc e lements showing the 
chemica l ga ins and losses during al tcrati ons in fel sic volcanic 
rock and tuffite at Honkavaara (y-axis). The ma in components 
are presented in a typical orde r of anal yti ca l results. Thc 
general mobility of thc trace e lements decreases from le f! to 
right (Rose et al. 1979) . The calculations are based on compar
isons bet ween one altered and one less a ltered sampie. Since 
the sampies in Figures Band C do not have equal ratios of the 
least mobile e lements, the diagrams give onl y the tre nds in 
alteration. A: Carbonat ion of fe ls ic volcanic rock. B: Carbon
ation of turfite. C: Sericitizati on of tuffite. 

and volume changes a t Honkavaara (-25%, Ta
ble 19) are re la ted to the sericitization of the 
albite diabase (Fig. 47F): Si, Fe, Mn , Mg, Ca, 
Na , P , Br, S , As, Co, Sc, V and U losses and 
K, Sb, W , Rb, and Ba gains. Since ca rbonation 
preceded sericitizatio n, the apparent Fe, Br, 
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Co, Sc and V losses and W gain are actually 
related to carbonation. The rest of the changes 
are combined with the sericitization reactions 
[18] and l27 J-l29], which a lso indicate dehy
dration and CO

2 
loss. The late replacements of 

carbonates by chlorite [25] and talc [20] were 

weak and cannot be ide ntified in the c hemical 
compositions. The fluid during sericitization was 
ac id possibly as a result of H+ release in carbon

ation and had low aalkalinc.ca,,/a K+ and a:-:a/a K+ 
caused by a lkaline-ea rth and Na precipitation 
during carbonation and albitization. The tale 
a nd chlorite were precipitated by a slightly less 

ac id fluid with high a
Mg2

+. 
The alteration trend in the tuffite (F ig . 48C) 

is different from that in the albite di abase . It is 

hi ghly probable that the Mn , Mg and Ca gains 
were inherited from the precedin g carbonation, 
because there was no formation of talc or chlo

rite re la ted to se riciti zation in the tu ff ite. 
Finally, because of their wide occurrence and 

close connection, a combination of carbonation 
and se riciti za tion in the a lbite di abase is pre

sented in Figures 47G and 47H . Again a simi

larity in alteration styles between the diabase 
dykes and the diabase fragments in the voleanic 
breccia is indicated . This does not mean , how
ever, that ca rbonation and sericitization took 
place before the formation of the volcanic brec
cia, as the brecc ia matrix is a lso carbonated and 

sericitized. 

Isolaki 

The least altered rocks 

The chemical compositions of the least al

tered a lbite diabase (Tab le 20 , p . 90) plotted on 
an a lkali ratio diagram (Hughes 1973) indicate 

that so me of the sam pies lie inside the igneous 
field but some are enriched in potass ium (Fig. 
49) . Thi s suggests that, apart from hydration , 
the a lterations had a minimal chem ical effect 
on part of the amphibo le zone of the a lbite 
diabase while another part was affected by K 
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Fig . 49. The least altered a lbite diabase sampies at l solaki , 
plotled on the alkali rati o diagram of Hughes ( 1973). 
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Table 20. Chemical compos itions of albite diabase at Isolaki. 
Major elements in wt. %. trace elements in ppm. 

Albite diabase 
least altered bioti tized biotitized + carbonated + fragme nt in 
(amphi bole) carbonated sericitized conglomerate 

avg std avg avg 

Si02 49.65 2.06 45.87 48.19 
Ti02 1.34 0.66 2.79 0.85 

A1203 5.80 2.03 12.73 4.63 
Fe203t 16.28 4.64 21.81 11.02 

MnO 0.17 0.04 0.14 0.33 
MgO 12.66 3.20 5.28 13.77 

CaO 10.48 2.82 5.12 13.13 
Na20 1.57 1.32 5.07 0.76 
K20 0.28 0 .1 3 0.63 1.16 

P205 0.05 0.0 1 0.07 0.04 
sum 98.27 1.38 99.50 93.87 

Br 0.90 0.23 0.90 
S 170 139 1260 

Sb 1.88 0.30 2.19 
As 8.99 2.57 17.35 
W <2 <2 
Cs <1 <I 
Rb 11.3 1.99 18.3 
Ba 80.7 43.4 108 
Cu <20 1280 
Co 62.4 6.03 79.1 
Ni 230 66.6 110 
La 6.07 2.78 7.16 

Sm <5 <5 <5 
Sc 62.7 11 .7 29.7 
Ta 0.24 0.05 0.53 
V 340 193 770 

Cr 484 415 <50 
U 7. 14 9.49 4.56 

Th 1.55 1.24 1.26 
Zr 90 47 90 

n 5 2 

metasomatism. Petrograph ie invest igations in
dieate that the K e nriehment was eo mbined 
with weak bioti ti zati o n, thu s the K-enriehed 
sampies in Figure 49 do not aetually represent 
the least a ltered diabase but a weakly biotitized 
diabase. The formation of the least altered zone 
in the a lbite diabase is eharaeterized by reae
t ion [ I] (Table 2), whieh i mp l ies hydratio n by 

an ac id, weak ly reduei ng flu id and mobi l ity of 

0.63 

550 
1.39 
7.98 

<2 
1.67 
41.0 
65.7 
<20 
54.3 
243 

8.45 
<5 

55.0 
<0.3 
210 
602 

4.56 
0.62 

50 
2 

( carbonated 

+ serici tized) 
43 .98 38.36 

1.75 0.64 
12.43 2.99 
11.20 8.14 
0.20 0.29 
4.72 8.82 
8.70 16.70 
4.60 0.02 
1.66 1.23 
0.09 0.04 

89.33 77.2 1 

1.1 8 <0.5 
140 40 

2.08 1.37 
6.59 1.54 

<2 <2 
<1 <1 

34.4 28.3 
472 237 
<20 <10 
11.4 8.25 
82.3 94.8 
15.5 3.28 

<5 <5 
24.5 41. 1 
<0.3 0.15 
520 160 
<50 652 
2.99 1.37 
<0.5 <0.5 

90 40 
I I 

the a lka li ne and a lkal ine-earth e lements. 

T he ehemiea l eompos ition of the least a l
te red quartzite (Tab le 2 1) e lose ly resemb les an 
average, non-feldspathie serieite qu artzite , and 
sinee there are no petrographie indieations of 
seeondary serieitization, it is treated as una l
tered rock. T he ehemieal a nd mineralog iea l 
eomposition of the eo ng lomerate varies , and 

there are ab unda nt signs of carbonation . O n the 



Table 2 1. Chemical compositions of quartzite 
and conglomerate at Isolaki. Major elements 
in wt. %, trace elements in ppm. 

Quartzite Conglomerate 

unaltered carbonated 

+ albitized 

avg std avg 

Si02 89.31 1.14 68.86 60.50 

Ti02 0.16 0.03 0.50 0.92 

A1203 6.03 0.65 12.99 12.46 

Fe203t 1.50 0.20 1.63 3.28 

MnO 0.02 0.01 0.07 0.14 

MgO 0.25 0.05 1.71 2.87 

CaO 0.09 0.03 3.88 6.26 

Na20 0.01 0.02 6.99 5.05 

KlO 2.15 0.24 0.18 1.37 

P205 0.05 0.04 0.15 0.16 

sum 99.57 0.04 96.96 93 .00 

Br 0.85 0.27 <0.5 1.14 

S 50 8 60 50 

Sb 0.78 0.12 1.57 2.54 

As 1.97 0.32 2.28 2.87 

W < I <2 <2 
Cs <0.5 <0.5 0.67 

Rb 47.3 6.53 14.2 33.7 

Ba 426 84.8 56.0 167 

Cu <10 <10 <10 

Co 3.66 1.01 5.51 5.95 
Ni <40 <40 45.3 

La 20.3 5.39 23.6 25.5 

Sm <5 <5 <5 <5 
Sc 4.72 0.62 6.16 8.57 
Ta 0.20 0.04 0.42 0.65 
V 20 5 40 90 

Cr 41.0 7.18 <50 <50 

U 3.87 1.03 5.20 2.59 
Th 4.96 1.21 6.69 5.81 
Zr 140 28 140 180 

n 4 I 2 

other hand , carbonates are typical primary com
ponents of a conglomerate matrix. Thus, it is 
almost impossible to confirm that the conglom
erate was carbonated by secondary processes 01' 

remained totally unaltered. 
The vo lume changes and chemical mass bal

ances related to the formation of the more al 
te red diabase types were calcu lated using for
mulae [I] and [2]. The analyses compared , their 
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Table 22. Isolaki . Analyses compared in Figure 

50, their densities, immobile element ratios and 
volume changes (= dV%). The sampies of least 
altered rock are presented in italics. Major 

elements in wt. %, trace elements in ppm. 

alteration biotiti zation + carbonation + 

carbonation sericitization 

rock albite diabase 

sampie 030-7 034-3 030-2 031-3 

Si02 50.97 47.77 49.70 38.36 

Ti02 1.14 0.71 0.90 0.64 

A1203 5.76 3.56 4.06 2.99 

Fe203 13.31 10.31 13.06 8.14 

MnO 0.18 0.14 0. 19 0.29 

MgO 13.17 14.65 14.80 8.82 

CaO 11.05 13.60 13.54 16.70 

Na20 1.56 0 .09 0.31 0.02 

KlO 0.34 1.75 0.17 1.23 

P205 0.05 0.04 0.05 0.04 
sum 97.53 92.62 96.77 77.21 

Br <1 <I 0.70 0.40 

S 70 750 150 40 

Sb /.67 1.46 1.94 1.37 
As 6.34 8.24 10.2 1.54 
W <2 <2 <2 <2 
Cs 0.92 2.52 <1 <I 
Rb 12.0 70.0 9.77 28.3 
Ba <70 69.9 60.0 237 
Cu 20 <10 50 0 
Co 52.6 53.7 63.8 8.25 
Ni 2/3 281 292 94.8 
La /0.8 8.01 5.97 3.28 

Sm <5 <5 <5 <5 
Sc 72./ 49.0 77.2 41.1 
Ta <0.3 <0.3 0.25 0.15 
V 280 180 210 160 

Cr 329 662 937 652 
U 5.30 1.32 23.7 1.37 

Th 1.18 0.88 0.98 <I 
Zr 80 50 60 40 

Alm 5.06 5.05 4.53 4.67 
Al/Zr 720 712 677 748 
Ti/Zr /42 141 /50 160 

density 
(kglm3) 2886 2949 3 /37 2862 
dV% +58 +54 
ref. 10 Fig. 50A 50B 

immobile element ratios and volume changes 
are presented in Table 22. 
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Chloritization, biotitization , carbonation 10 r'::A'::rrT--r::rr-r--.---r::""'rT-==rT-"---'-,"""""",~~~ 

and sericitization 

On account of the overlapping alterations 

and the parallelism between the a lteration zones 
and the zones formed by magmatic differentia

tion , the variations in the chemical composi

tion s presented in Table 20 are a combination 
of diffe rentiation and seco ndary alterations, 
and only two suitable pa irs of sampies were 
found for the mass balance calculations (Tab le 

22). As a consequence of the nature of the 

alteration style in these pa irs , none of the al
teration types can be treated separately. 

The petrographical inves ti gation s imply that 

reaction [61 caused the formation of chloritized 
zones, that the diabase was hydra ted and that 
Si , Mg, Ca, Na, K, S, Ba, Cu , Co, a nd Ni were 

mobilized by a acid, reducing fluid . 
Mos t elements in th e albite diabase were 

enriched by a combination of biotiti zation + 

carbonation (F ig . 50A ), while only Na and U 

were depleted and Ti, AI , La( ?), Sc , V, Th (?) 
and Zr were immobile. The vo lume change was 
large, +58 % (Table 22). The biotitization reac 
tions llO] and r 12] , carbonation reactions l19 J, 
[21 J, [23] and [26] and pyrite formation reac

tion l34] explain the Mn , Ca, K and trace e l
ement ga ins. Quartz precipitation in the frac
tu res explains the Si enrichment. The formation 

of carbonate with higher Fe and M g concentra
tions than the s ilicates it replaced may be the 
reason for the Fe and Mg enrichment. 

A diabase fragment in the cong lomerate is 
highly carbonated and moderately se ricitized. 
The chemical c ha nges within Ihis fragment 

(F ig . 50B) were losses of Fe, Mg, Na , S, As, 
Cu , Co, Ni , REE and U and ga ins in Si (?), Mn , 
Ca , K, Rb and Ba. Th volume change was +54% 
(Table 22). Reactions [18] , [21 ]-[261 , 128) and 
[33) are possible explanations for the altera
tions. The carbonation-related and biotitiza
tion - related mineral association s in both the 
dyke and the diabase fragment in the conglom
erate imply a near-neutral or mildly a lkalin e, 

oxidizing fluid with hi g h f C02 a nd low aNa)aK+. 
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Fig. 50. Enri e hment facto rs of the eleme nt s show ing the 
e hemi ca l ga in s and losses during altcrations in the albite 
diabase at lso laki (y-axis). Onl y analytical resulls w ith 
small errors are used in the ca lc ul ati ons. so th at the e le me nt 
sets are different figures. The mai n components are pre
se nted in typ ica l order of anal yti ca l rcs ult s. The ge ne ra l 
mobilit y o f the trace e le me nt s decreases fro m le ft to ri ght 
(Rose e t a l. 1979). The ca lc ulation s a re based o n co mpar
isons between o ne a ltered a nd o ne less a lte red sa mpIe. Note 
the logarithmi c sca lc of the y-axis. A: Biotiti za ti on and 
earbonati on of a lbite diabase. B: Ca rbonati on and se ri ci ti
za ti o n of the a lbite diabase fragment in cong lomera te. 

The on ly alteration in the qu art zite is car
bonation + albitization in the diabase contact 
zone. The trend in alteration, according to the 
correlat ion between unaltered and altered 
quartzite compos ition s (Tab le 21), cons ist of 

los ses of Si and K and gains in Ti, AI , Mn , Mg , 
Ca and Na, if the rock volume was conserved, 
but if AI was immobile, the rock volume will 

have dec reased by about 50% and the related 
chemical changes will have been Si, Fe and K 
losses and Ti, Mn , M g, Ca and Na gains. Some 
of the appa rent cha nges may actually have 
beeen caused by the pri mary di fferences be
tween a ltered and un a ltered types, as the differ

ence in Ti concentrations , for example, is easi-



Iy explained by a sediment layer with higher 
detrital Ti mineral content in the a ltered type. 
The albit ization reactions [17] and [ 18] explain 
the Fe , Na and K mobility and dolomite forma-
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ti on the Mn , Mg and Ca enrichments. The fluid 
was si milar to the carbonating fluid that affect
ed the diabase, except that its aNa/a

K
+ was much 

higher. 

Palovaara 

The least altered rocks 

The least altered rocks In the area are the 
ultramafic rocks of the amphibole and chlorite
serpentine-tale zones (Table 23 , p. 94) , chlori
tized lamprophyre , mafic lava and albite dia
base (Tab le 24, p. 95), albitized + weakly car
bonated quartzite and siltstone and chloritized 
+ albitized tuffite (Table 25 , p. 96). The chemi
cal data for the least altered igneous rocks plot
ted on an alkali ratio diagram (Fig. 51) indicate 
that the mafic rocks li e distinctly within the 
spilite f ield and those ultramafic rocks which 
have enough K and Na for the purposes of the 
diagram lie in a zone where the igneous field 
gives way to the sp ilite field. This suggests a 
Na-metasomatic effect on the ultramafic and 
mafic lava and diabase. The high Na concentra
tion in the least altered sediments and tuffites 
(Table 25) suggests an altered nature for these 

as weil. 
The formation of the ch loritized zones in the 

mafic lava and a lbite diabase is characterized 
by a com bination of reactions [6] and [8] (Ta
ble 2) , that in the ultramafic rock by [I] and [8] 
in the amp hibole zone and [4], [5] and [32] in 
the ch lorite-serpentine-talc zone, and by [2], 
[8] and [10] in the lamprophyre. These reac
tions and the chemical compositions (Tables 23 
and 24) imply that significant hydration , gains 
in Sand Na and losses of Cu , Co, Ni and the 
alkali ne and a lkaline-earth elements except for 
Mg and Na were related to the formation of the 
alteration zone . The fluid was a reducing one, 
contained some COz (as indicated by the ultra
mafic rocks) and its aNa/aK + was hi gh. The fluid 
in the mafic rocks was acid, but that in ultra-
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Fig . 51. The leasl altered igneous rocks at Pa lovaara, pl olled 
on the alkali ratio di agram o f Hughes ( 1973) . 

mafic rock was near-neutral , because carbon
ates were precipitated . 

The least altered zones of quartzite and silt
stone are characterized by the alb itizati on reac
tions [14], [16] and [18] (K, Rb and Ca loss ; Na 
gain), the carbonation of albite [22] (Ca and Mg 
gain) and the decomposition of sphene [21], 
whic h imply a near neutral fluid with high aNa/ 
a

K
+ and moderate f coz ' The comparison between 

the Palovaara quartzite (Tab le 25) and an aver
age arkose quartzite (Table 15 , p. 78) supports 
the assumed changes , as the Mg and Na concen
trations at Palovaara are higher than those in 
the average arkose quartzite of Pettijohn et al. 
(1987), Klower and Ca roughly equal. 

The least altered type of tuffite is rare , and 
only one chemical analysis is available (Tab le 
25), so that little can be said about the a ltera
tions that formed it, but the chloritization and 
albiti zation reactions [8], [10] and [14] were 
probably the most important. This is supported 
by the high Mg and Na and low Ca and K 
concentrations in the rock. 

The volume changes and chemical mass bal -
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Table 23. Chemical compositions of ultramafic volcanic rocks and chrome-bearing marbles at Palovaara. 
Major elements in wt. %. trace elements in ppm. 

Ultramafic lava Ultramafic lava 
(more primitive) (Iess rimitive) 

least altered carbonated least altered carbonated 
(serpentine + (amphibole + 
chlorite + chlorite + 
tale) biotite) 

aVj( std avg std avg 
Si02 44.95 1.65 42.22 0.91 47.69 39.15 
Ti02 0.40 0.05 0.37 0.01 0.63 0.60 

AI203 6.23 1.11 5.14 0.32 8.90 8.03 
Fe203t 14.86 1.49 10.06 3.74 13.91 19.36 

MnO 0.07 0.02 0.12 0.05 0.18 0.21 
MgO 30.56 2.91 29.66 0.52 14.25 13.11 
CaO 2.03 1.87 6.12 1.90 7.45 3.72 

Na20 <0.01 <0.01 1.34 <0.0 1 
K20 0.01 0.00 <0.01 1.57 0.01 

P205 0.04 0.00 0.03 0.00 0.08 0.04 
sum 99.13 0.31 93.72 3.42 95.99 84.24 

Br <1 <1 <I < I 
S 660 208 150 44 910 30 

Sb 2.07 1.17 0.66 0.32 1.72 0.45 
As 46.5 26.2 1.62 1.56 6.29 0.87 
W <2 <2 <2 <2 
Cs <1 <1 <1 <1 
Rb <10 <10 42.1 <10 
Cu <20 <20 <20 <20 
Ba <60 <60 <60 <60 
Co 105 21.2 71.7 9.67 70.9 60.8 
Ni 1427 155 1623 110 268 662 
La 0.36 0.14 0.74 0.41 10.5 1.07 

Sm 0.46 0.19 0.72 0.41 2.88 1.30 
Sc 29.5 2.9 28.8 0.8 45.0 37.2 
Ta <0.3 <0.3 0.19 <0.3 
V 180 40 140 0 240 230 

Cr 3530 427 3947 47.3 1490 1140 
U <0.3 <0.3 0.58 <0.3 

Th <0.5 <0.5 1.70 <0.5 
Zr 30 0 30 6 90 40 
n 3 3 2 I 

anees related to the formation of the more a l
tered zones were ealeulated using formu lae [I] 
and [2]. The analyses eompared, their immobile 
element ratios and volume ehanges are present
ed in Table 26. 

Biotitization 

The e hemieal ehanges related to biotitization 

Ultramafic tuff Chrome-
bearing marble 

carbonated chloritized + carbonated intensively 
+ sericitized carbonated + sericitized carbonated 

+ serici tized 

avg std avg std 
37.27 37.52 1.43 39.36 38.47 2.10 
0.67 0.63 0.33 0.67 0.41 0.11 
9.04 6.25 2.08 6.77 6.51 1.90 

12.98 15.71 4.96 13 .87 9.69 3.83 
0.25 0.19 0.07 0.28 0.37 0.18 
8.39 18.56 6.16 10.80 11.80 3.04 
7.53 5.21 2.44 4.70 8.83 5.30 

<0.01 <0.01 <0.01 <0.01 
3.36 0.07 0.06 2.65 2.53 0.68 
0.04 0.06 0.05 0.06 0.04 0.02 

79.52 84.21 3.80 79.16 78.66 1.81 

<1 <1 <1 <1 
900 320 156 380 1340 1369 
1.04 0.63 0.14 0.61 0.75 0.41 
4.87 0.91 0.15 2.09 2.63 2.20 

<2 <2 <2 <2 
0.95 <1 0.36 <1 
126 <10 56.8 55.8 5.83 
<20 <20 <20 <20 
240 <60 74 148 26 

58.3 42.1 12.2 16.4 24.7 12.4 
341 912 433 409 375 233 

5.19 4.55 3.84 3.88 3.96 3.65 
2.94 1.69 0.89 1.91 <5 
68.2 28.6 4.6 23.9 33.4 16.5 
<0.3 0.20 0.07 0.13 0.10 0.03 
250 190 64 240 190 70 

1600 2117 67 1 1410 2177 265 
0.44 0.30 0.19 0.43 0.69 0.34 
<0.5 <0.5 0.56 0.25 0.07 

50 60 32 60 40 6 
I 3 1 3 

in the mafie lava and albite diabase (Fig . 52A) 
are losses of Si , Na and Sb and the gains in Mn , 
Mg, K, S, Cs , Rb , Cu, Co, i and Cr. Most of 
these ehanges are assoeiated with the biotitiza
ti on reaetions [10] and [12], the pyritization 
reaetion [34] and a redueing, near-neutral , low 
a Na)aK+ fluid whieh released H+. The Na loss is 
related to the replaeement of albite by biotite . 

The ehemieal ehanges eaused by the biotitiza-
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Table 24. Chemical compositions of mafic lavas, albite diabases and lamprophyres at Palovaara. 

Major elements in weight per cent, trace elements in ppm. 

Mafic lava and albite diabase Lamprophyres, each analyse represent separate dyke 

least altered chloritized chloritized + carbonated chloritized chloritized + carbonated carbonated 

(chloritized) + biotitized carbonated + sericitized carbonated + sericitized 

avg std avg std avg std avg 

Si02 52.09 2.43 51.25 1.64 50.72 2.35 46.42 

Ti02 1.94 0.53 1.38 0.61 1.74 0.78 1.90 

AI203 14.89 0.93 14.31 0 .60 14.59 0.69 13.69 

Fe203t 16.81 2.65 17.12 1.25 12.69 4.90 10.96 

MnO 0.05 0.01 0.06 0.01 0.10 0.04 0.18 

MgO 4.24 1.00 5.94 1.05 4.45 0.97 4.11 
CaO 2.29 0.55 2.07 0.83 4.25 1.53 5.88 

Na20 6.08 0.71 4.30 0.97 6.11 1.31 4.86 
K20 0.23 0.16 2.32 1.30 0.48 0.41 2.08 

P205 0.24 0.06 0.19 0.07 0.22 0.09 0.23 
sum 98.85 0.38 98.93 0.70 95.35 2.15 90.30 

Br <I <I <1 <I 
S 1030 522 990 635 1280 1110 1240 

Sb 0.94 0.22 0.52 0.15 0.70 0.4 1 1. 19 
As 3.14 1.41 4.33 3.03 4.75 2.30 3.14 
W <2 <2 <2 <2 
Cs <I 1.68 0.73 < I <1 
Rb 9.67 3.09 76.4 40.7 15.7 13.3 51.4 

Ba 40.9 8.46 91.1 42.9 48.6 21.1 102 
Cu 110 128 60 63 60 77 <20 
Ni 58.4 20.5 54.9 30.9 52.4 20.6 50.3 
Co 37 .6 9.78 48.1 12.4 43.6 23.4 33.1 
La 18.9 4.86 22.4 5.9 17.5 9.0 25.6 
Sm 5.41 1.08 5.82 2.03 6.32 1.11 6.20 
Sc 28.8 5.01 37. I 2.52 28.9 7.45 27.0 
Ta 0.83 0.34 0.82 0.44 0.75 0.31 0.87 
V 360 51 310 49 340 86 350 

Cr 67.9 33 .9 155 116 86.6 53.7 67.3 
U 1.10 0.20 1.00 0.11 1.20 0.29 1.37 

Th 3.13 0.43 3.30 0.43 3.05 0.84 2.83 
Zr 200 23 190 29 190 32 190 

n 7 11 13 18 

tion in the lamprophyre dykes were different 
because of the different pre-biotitization com
positions (Table 24), the relative K gain in 
particu lar having presumably been smaller. The 
lack of biot itization-related brecciation is sup
ported by the roughly constant rock volume 
(Table 26). 

Carb onati on 

The chemical changes related to the carbon-

std 

3.82 51.20 45.45 43 .56 44.90 

0.63 0 .90 0.67 0.53 0.51 

1.28 17.80 11.05 6.20 7.46 

4.29 12.03 9.45 11 .90 10.70 

0.07 0.04 0.14 0 .1 2 0.13 

0.60 5.05 8.70 24.23 20.60 

2.72 2.86 6.93 5.27 6.41 

1.23 6.84 3.25 0.00 0.11 

0 .64 2.07 2.23 2. 14 3.26 

0.07 0.61 0.86 0.52 0.60 
4.18 99.39 88.72 94.46 94.68 

2.48 1.69 <I <1 
768 7310 2040 80 140 

0 .50 0.41 0.56 0.83 0 .28 
2.40 4.15 4.36 8.44 3.14 

<2 <2 <2 <2 
1.40 2.58 2.54 3.41 

25.3 53.4 79.5 73.0 86.7 
35 .3 320 2270 883 1750 

<20 <20 <20 <20 
18.5 91.4 83.6 908 727 
18.5 47.4 30.5 75.2 68.8 
24.4 297 125 87.5 124 
0 .99 42.6 17.7 12.3 <20 
6.01 17.6 36.8 34.3 30.4 
0.24 0.57 1.02 0.99 0.61 

85 170 150 130 120 
42.7 <60 349 1430 1260 
0.29 9.66 4.73 2.68 5.06 
0.56 29.0 24.2 12.9 21.9 

18 210 160 100 130 
1 I 1 1 

ation of the igneous rocks at Pa lovaara are pre
sented in Figures 52B-52D. Carbonation was 
characterized by los ses of Si, Mg, K, S, As, Sb 
and Co and the gains in Mn, Ca and REE in the 
ultramafic units , los ses of Sb and Cr and ga ins 
in Mn , Ca, Na, K, S, Cu , and Co in the mafic 
lava and diabase and losses of Fe, Na, K, P, As, 
Cs , Rb and La and the gains in Si , Mn, Ca, Ta, 
Cr and U in the lamprophyre dykes. The com
mon fea tures are Mn and Ca gains and the im
mobi lity of Ti , Al, Sc(?) , V, Th and Zr. The 
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Table 25. Chemical composition of tuffite and sediments at Palovaara 
Major e lements in wt. %, trace elements in ppm. 

Quartzi te Siltstone Tuffite 
a lbitized + albiti zed + carbonated carbonated + albi ti zed + earbonated 
carbonated carbonated + sericiti zed serici tized + eh loritized + seri citized 

i ntensi vel y + pyriti zed 
pyriti zed 

avg std avg std avg std avg std avg std 
Si02 7 1.02 4.04 59. 15 6.3 1 5 1.85 20.84 45.5 1 9.63 56.40 49.27 2.85 
Ti0 2 0.24 0. 11 0.48 0.03 0.50 

A I20 3 13 .22 1.25 14. 12 1.59 12.44 
Fe20 3t 2.07 0.45 4.59 3.20 6.4 1 

MnO 0.08 0.03 0.09 0.05 0.23 
MgO 1.89 0.70 3.7 1 1.5 1 4.53 

CaO 3. 14 1.42 4.33 3.69 7.65 

Na20 5.40 1.74 6.54 1.64 0.09 
K20 1.54 1.32 0.51 0.30 4.84 

P20 5 0. 10 0.03 0. 13 0.02 0. 13 
sum 98.70 1.57 93.66 3.43 88.66 

Br 1.43 0 .63 0.74 0.35 < I 
S 60 39 70 35 560 

Sb 0.46 0.33 1.03 0.2 1 0.74 

As <0.6 <0.6 0.8 1 
W 2.97 2.22 9.67 10.4 <2 

Cs < I < I < I 

Rb 37.9 36.2 14. 1 6.36 153 

Ba 179 153 37.5 10.6 4 16 

Cu <10 <10 <10 

Co 2.73 0.56 5.27 4.34 11.6 

Ni 25.6 11.1 52.8 4 1. 8 49. 1 
La 9.19 5.75 17.8 14.5 29.8 

Sm 2.86 0.56 < 10 6.97 

Sc 5.34 2.36 9. 15 3.62 12.7 

Ta 0.32 0. 16 0.7 1 0.14 0.6 1 

V 50 29 60 20 100 

Cr 73.4 26.7 11 7 52.0 122 

U 0.98 0.32 1.31 0.73 1.99 
Th 4.53 3.26 10.7 7. 1 7.76 

Zr 150 6 1 220 37 140 

n 9 6 4 

di ffe re nces in re la tive cha nges are eaused the 
natu re of the pre-ea rbonated rock types. T hus, 

sinee the la mpro ph yre dykes had hi gh LIL e l
e ment concentrati o ns and the ultramafi c roc ks 
hi gh su lphide concentra ti o ns, the la mproph yre 
dykes were apt to lose LlLE and the ultrama fi c 
rocks to lose S, As, Sb a nd Co. 

The mass balance calcul ations show that the ef
feet of brecciation on the roc k vol ume (Tabl e 26) 

was neg li g ibl e in the ultramafi c roc k (vo lume 

0.30 0.87 0.14 0.53 1.1 0 0. 17 
7.42 14.44 4.0 1 15.50 12.43 1.26 
2.83 6.47 1.08 13.11 8.66 3.28 
0.25 0.18 0.10 0.04 0.28 0.08 
4.23 4.93 2.24 8.20 5.09 0.76 

10. 15 8.93 5.28 0.84 5.68 3.29 
0. 11 0.07 0.06 4.80 0.05 0. 10 
2.98 4.73 1.14 0.37 4.43 0.56 
0.07 0.22 0.30 0.07 0.08 0.0 1 

15.07 86.35 7.25 99.87 87.06 2.65 

<I < I < I 
377 23400 23 132 80 4530 333 1 

0.67 0.82 0.49 0.237 0.82 0.42 
0.58 98.4 69.9 1.04 26.9 19.7 

<2 <2 2.64 1.75 
<I < I <I 

11 8 95.5 3 1.4 < 10 96.3 2 1.9 

5 10 372 243 54.2 287 15 1 
140 139 20 80 87 

7.60 194 111 40.7 64.0 68.7 
4 .26 132 22.9 46.9 105 27.8 
22.6 55.6 68.9 12.6 7.65 2.69 
1.33 11.6 10.8 <10 2.57 0.39 
5.34 37.8 13.7 48.1 46.5 4. 16 

0.39 0.38 0.26 0.232 0.36 0.14 

53 240 80 240 260 21 

50.3 180 52.2 356 195 4 1.9 
1.1 0 2.88 2.26 1.08 1.07 0.55 
5.59 7.70 9.05 2.29 0 .9 1 0.62 

92 11 0 5 1 80 100 34 

3 I 7 

c hange -5%), sma ll in the alb ite di abase a nd 

mafic lava (vo lume cha nge +5 %), a nd moderate 

in the lampro phy re (vo lume c hange + 15%). 
REE mobility is depi c ted in F ig ure 53, whi ch 

indi ca tes a weak LREE ga in and HR EE loss 
durin g carbo nati o n o f a mafi c lava, with a hi gh 
E u loss, but eontras ts with F ig llre 52C. The 
REE were obv io ll s ly leached in o ne pl ace and 
de pos ited in a n o the r durin g carbo nati o n, and 

di sso lved REE we re depos ited where the car-

6 
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Table 26. Palovaara. Analyses eompared in Figure 52, their densities, immobile element ralios and volume changes (= dV %). 
The sampies of least altered rock are presented in itali cs. Abbreviations: eb = carbonation, se =sericitization. Major elements in 
WI. %, trace elements in ppm. The number of sampies from which each average was calculated is indicated in parentheses after 
the abbreviation "avg". 

altera- biotitization earbonation 
tion 
rock mafic lava ultramafie lava mafic lava lamprophyre 
sampie 1-19, / 2-157,0 2-202,3 2-181, / -19,1 1-23,7 1-182,7 3-34, 
type 

Si02 52.92 49.83 45./7 42.96 52.92 50.52 42.40 41.60 
Ti02 2.31 2.32 0.34 0.36 2.31 2.24 0.90 0.79 

AI203 14.32 14.27 5.0/ 5.38 /4.32 13.95 //. / 0 9.35 
Fe203 18.06 19.59 /3.79 13.80 18.06 17.69 / 4.26 11.20 

MnO 0.03 0.05 0.05 0.06 0.03 0.07 0.04 0.13 
MgO 3.82 4.88 33.45 30.26 3.82 3.60 / 7.33 14.70 
CaO /.66 1.57 0.94 4.24 /.66 3.66 3.43 7.98 

Na20 5.72 4.52 <0.01 <0.01 5.72 6.28 0.56 0.01 
K20 0.// 2.01 0.0/ 0.00 0.11 0.1 4 5.05 3.06 

P205 0.30 0.29 0.03 0.03 0.30 0.29 2.38 0.64 
sum 99.25 99.34 98.78 97.08 99.25 98.43 97.45 89.46 

Br <1 <1 <I < I <I < I </ <I 
S 500 660 780 200 500 640 250 190 

Sb 1.10 0.53 3.42 1.03 / .10 0.65 0.47 0.44 
As 2.83 2.97 75.0 3.42 2.83 2.48 27.1 0.53 
W <2 <2 <2 <2 <2 <2 <2 <2 
Cs 0.63 2.22 <1 < I 0.63 < I 5.54 2.93 
Rb 8.50 86.9 <10 < 10 8.50 <10 148 86.4 
Ba 33.6 <80 <60 <60 33.6 <60 3090 2290 
Cu 40 100 <20 <20 40 110 <20 <20 
Co 40.0 54.9 83.7 68.6 40.0 51.6 52.2 57.4 
Ni 81.2 107 1600 1560 8 /.2 80.4 428 463 
La 26.6 29.0 0.27 1.11 26.6 20.8 /77 77.7 

Sm 7.36 8.34 0.64 1.19 7.36 6.30 <20 <20 
Sc 29.0 35.4 26.2 29.7 29.0 27.9 39.6 28.2 
Ta /.26 1.43 <0.3 <0.3 / .26 1.08 0.47 0.72 
V 360 390 /30 140 360 340 180 170 

Cr 68.7 93.7 3980 3930 68.7 35.0 456 671 
U 1.05 1.09 <0.3 <0.3 / .05 0.93 3.71 4.47 

Th 3.59 3.64 <0.5 <0.5 3.59 3.22 23.8 20.0 
Zr 230 230 30 30 230 220 /30 120 

AI/Ti 6.2/ 6. 15 /4.9 15.1 6.21 6.23 /2.3 11.8 
AI/Zr 623 620 /670 1793 623 634 854 779 
Ti/Zr 100 101 112 119 100 102 69.4 65.8 

density 
(kg/m3 2900 2925 2969 2939 2900 2847 2840 2820 
dV% -2 -5 +5 +i5 
ref. to 
Fig. 52A 52B 52C 520 

bonation intensity was greatest (e.g ., in the 

ultramafi c rock , Fig. 528). 
T he carbonation reactions [5], [20] and [25] 

carbonation + sericitization sericitization 

mafie lava and albite diabase ultramaflc tuff 
aV,fi(2) 1- 107,6 12-109,72-119, 1-//4,6 1-38 , avg(3) 1-55,9 

cb cb+se 
53./4 50.37 54.86 49.81 47.48 38.06 37.52 39.36 

/.78 1.59 0.92 1.0 1 2.57 2.34 0.63 0.67 
/ 6.02 14.54 15.23 16.78 14.01 13.21 6.25 6.77 
/5.1 7 12.30 13.07 5.06 20.31 7.58 15 .7 1 13.87 
0.05 0.12 0.05 0.13 0.07 0.23 0.19 0.28 
3.64 3.27 5.9 / 3.22 4.78 4.47 18.56 10.80 
1.93 4.36 2.31 6.82 3.13 10.97 5.21 4.70 
6.78 5.87 5.44 6.45 5.83 4.72 0.01 0.01 
0.34 1.33 0.22 2.36 0.23 2.07 0.07 2.65 
0.2/ 0.20 0./3 0.12 0.30 0.22 0.06 0.06 

99.05 93.95 98.13 91.76 98.70 83.86 84.22 79.17 

<1 <1 </ <1 <1 <1 <I ...:1 

/065 1170 1660 3360 1320 2030 323 380 
0.72 0.61 0.71 0.95 /.11 0.99 0.63 0.61 
3.24 2.25 2.57 7.79 3.08 3.28 0.91 2.09 

<2 <2 <2 <2 <2 <2 <2 <2 

</ <I <I <I <1 <1 < I 0.36 

11.1 30.4 6.00 33.3 11.6 38.1 8.50 56.8 

48.2 82.0 35.0 136 39.0 97.6 44.0 74.0 

<20 <20 <20 <20 <20 <20 <20 <20 
27.3 26.8 53.1 82.4 32.9 53.8 42.1 16.4 
45.0 47.2 70.2 43.3 33.0 46.7 912 409 
14.4 12.1 23.1 36.9 15.6 2.93 4.55 3.88 

<5 <5 <5 <5 <5 <5 1.69 1.91 

30.5 33.0 35.9 24.6 29.4 22.4 28.6 23.9 

0.45 0.54 0.59 0.62 0.94 0.91 0.20 0. 13 

365 380 260 290 430 470 187 240 
53.0 32.0 135 148 32.0 52.7 2117 1410 
/.26 1.67 0.96 1.47 0.9/ 1.56 0.30 0.43 
3.08 2.81 3.4/ 4.24 2.37 2.09 <0.5 0.56 
/80 170 180 190 180 170 63 60 

9.00 9.16 16.6 16.5 5.45 5.65 9.86 10.1 
890 855 846 883 778 777 987 1128 
98.8 93.4 5/. / 53.4 143 138 100 112 

2833 2797 2858 2784 2979 2859 29 10 2934 
+14 -7 +15 -6 

52E 52E 52E 52F 

and the pyrite deco mposition react ion [33] ex
plain most of the chemica l changes in the ul tra
mafic rocks . Carbonation a lso explains the Si 
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Fig. 52. En riehment faetors of the elements showing che mieal gains and losses during the alterati ons at Palovaara (y-axis). Only 
analyt ica l results with small errors are used in the ca1cll lations, so that the e lement sets are different figures. Main eomponent s are 
presented in a typieal order of ana lyt ieal results . The general mobility of the traee elements decreases from left to right (Rose et 
al. 1979). The ea leulations are based on eomparisons between one altered and one less altered sampie, except in Figllre E. Note 
the logarithmic scale of the y-axis. A: Biotitizat ion of mafie lava and albite diabase . B: Carbonation of 1Iitramafic lava. C: 
Carbonat io n of mafie lava and alb ite diabase. 0 : Carbonat ion of lamprophyre. E: Carbonat ion and serie iti zation of maric lava and 
a lbite diabase. Three al tered samp ies are compared with the least altered type. F : Sericitizati o n of carbonated 1Iitramafic tuffite. 

F ig. 53. Chondr ite-norma li zed REE patterns for a mafie 
lava. Solid line: chloritized and biotitized type , dotted line: 
carbonated type. The mass balance calculation s slIggest no 
significant vo illme change. Normaliz ing values from Hickey 
and Frey ( 1982). 

100r---------------------------------, 

------

10~----------------~----------__ ~ 
La Ce Nd Sm Eu Tb Yb Lu 



80 Si02 

70 

80 

SO 

40 

o 

•• o .. 

30 ~------------------~ 

2 

12 Fe203t 

10 

8 

6 
4 

3 

o 

o 

4 5 6 

o 

o : ,. 2 

O ~------------------~ 
3 4 5 6 

CaO 
14 .-----------------------, 
12 
10 
8 
6 
4 
2 o. 

o . 
I I 

O ~------~~~---D--------~ 

2 3 5 6 

P205 
0.7 r-------=-----------------, 
0.6 
0.5 
DA 
0.3 
0.2 
0.1 

o 
o 

• Q •• .. 
O ~------------------~ 

2 3 4 5 6 

As 
200 r---------------------, 
180 

120 

80 

40 
O ~------=_O_ __ _O__ __ ....... --' 

2 3 4 5 6 
clay sill fine sand 

SiO:/AI20 3 

Geologieal Survey of Finland, Bulletin 374 

Ti02 
1.2 r=-----------------------, 

1 

0.8 

0.6 

DA 
0.2 

• 'i/ •• . 
O ~--------------------~ 

2 3 4 5 6 

0.25 rM.::.n~O ______________________ _, 

0.2 

0.15 o 
o 

0.1 o 

0.05 

OL----------------------' 

. .. ... o . 
2 3 4 5 6 

Na20 
8 r-------------~r_-.------, 
7 • 
6 
5 

, 
4 
3 
2 o 

~ ~-------c-o--~n~------~ 
2 3 4 5 6 

80000 r
s-----=------------------, 

SOOOO 

40000 

30000 

20000 

10000 
O~------~~-~~--~~ 

2 3 4 6 

30rw~----~0~-----------. 
25 

20 

15 

10 

o 

5 • • ':. . 
OL-____ ~-.::.-~o~o ______ ~. ____ ~ 

2 3 5 6 

20 rA~12~0~3 __ =_--------------_, 

18 

16 

14 

12 

o 
~ ••• 

10 ~------------------~ 

2 3 5 6 

7 MgO 

6 
5 
4 
3 o 
2 

o 
o . :. 

1 

O ~------------------~ 
2 3 4 5 6 

K20 
~ ,...----------:0:---------------, 

6 
5 
4 
3 
2 

00 0 

• 
~ ~------------'.:...-"-I .......... ____ ----' 

2 

2 Sb 

1.6 

1.2 

0.8 

DA 

3 5 6 

o 

• • 
o o •• ,. 

01...-----------------------' 
2 3 4 5 

• Albitized + weakly or 
moderately carbonated 

o Carbonated + sericitized 

- Carbonated + sericitized + 
pyritized 

6 
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99 

loss , provided that silica from talc and ch lorite 

decomposition (react ions [20] and [25]. re
spectively) did not precipitate but was dis
so lved in the fluid. The reactions that explain 
the c hemical changes in the a lbite diabase , 

mafic lava and lamprophyre a re [211 , r22], [25] 
and [26]. Additionally , chalcopyrite precipita-

tion expla ins the Sand Cu gains tn the mafic 
lava and albite diabase , and apatite decomposi
tion the P loss in the lamprophyre. 

Sericit izatio n and py riti zation 

Sericitization is common in mafic lava and 
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Fig. 54. Continued. 

a lbite di abase, but beca use it overl aps with ca r
bo nati o n, the che mica l c hanges re lated to the 
seri c iti zed zo nes are ac tua ll y a co mbinati on of 
carbo nati o n and se ri c iti za ti on (Fig. 52E) : loss 

of Fe a nd gai ns in Mn , Ca, K, S , Rb , Ba and U, 

and in so me ca ses al so losses o f Si , Mg, P, Ni , 
La, Sc and Cr and/or ga in s in As, Co, Ni , La, 

Ta a nd Cr. These che mi ca l changes can be ex-

pl a ined by a co mbinati o n of the carbo nati o n 
a nd se ri c iti za ti o n reac ti o ns [1 8]-[29], pyrite 
fo rm ati o n [34] and apa tite decompos it io n . The 
reason fo r the U ga in may have been a c hange 

in 1
02 

conditi o ns (fro m ox idi zing to redu c in g) . 

The proble m o f ove rl apping ca rbonati on ex
is ts in the ultrama fic rocks, too . A ca rbo nated 
sampi e of ultramafi c tu ff is co mpared w ith a 



carbonated and sericitized one in Figure 52F, 
the maximum error in the mass balance calcula
tions arising from the layered nature of the tuff 
is assumed to be at least ±IO% for the main 
components and ±40% for the trace elements. 
The most obvious cherrtical changes are losses of 
Fe, Mg, Ca, Co, Ni and Ta and the gains in Mn, 
K , As, Rb and Ba. The changes in Mg and Mn 
concentrations are probably caused by carbona
tion (cf. Figs . 52B and 52F). Other changes are 
combined with the sericitizat ion of chlorite and 
of tale. The alterations in the igneous rocks suggest 
that the H + released by carbonation caused a sub
stantial pH decrease, and that sericite crystal
Iization followed soon after carbonation. 

The sericitization of sediments and tuffites 
differs from that of igneous rocks . Although no 
suitable pairs of sampies were found for the 
mass balance calculations, Figure 54 dem on
strates the most obvious compositional chang-
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es, which were loss of Na and gains in Mn, K, 
Rb and Ba related to sericitization, and losses 
of AI(?), Na and Ta and gains in Mn, K, S, As, 
Rb, Ba, Cu and Co related to sericitization and 
intensive pyritization. On account of the prima
ry differences between the sampIes compared, 
overlapping carbonation and possible volume 
changes, the alteration trend for most of the 
elements is unclear. The apparent AI depletion 
implies that a significant volume increase was 
related to the formation of pyrite ± quartz-filled 
fractures in the most markedly pyritized zones. 
The compositional changes are associated with 
the sericitization reactions [18], [22] and [28] 
and the pyritization reactions [33] and [34] . An 
additional sericitization reaction that occurred 
in the tuffites was [27] . These reactions imply 
distinctly acid , weakly reducing (7) fluid with 

a significant a
S2

• and a very low aNa/a
K

+. 

GEOTHERMOMETRY AND GEOBAROMETRY 

The mineral parageneses, both hydrothermal 
and metamorphic , at each study site - like the 
association of the amphibole zones actinolite + 
albite + epidote + quartz + sphene + magnetite 
- represent greenschist facies conditions. This 
gives a rough estimate of approx. 220-450°C 
for the alteration and metamorphic tempera
tures (Laird 1980, Moody et al. 1983, Schiff
man and Fridleifsson 1991, Shau and Peacor 

1992). 
Potentially suitable minerals for geothermo-

metry at the sites are chlorite and the caleite
dolomite and muscovite-paragonite pairs, 
while the tremolite-actinolite is useful for geo
barometry. In practice, it was not possible to 
use the muscovite-paragonite pair, because the 
Na

2
0 content of the white mica was found to be 

0.5 % in every sam pie analysed. This ve ry low 
paragonite content makes the error too large for 
geothermometry applications (ChaUerjee 1972, 
Baltatzis and Wood 1977). 

Ca-amphibole geobarometry 

Ca-amphibole geobarometry is based on 
equilibrium in the reaction [36] (Brown 1977, 
Clark et al. 1989): 

[36] crossite + epidote + water <-> 
Ca amphibole + albite + chlorite + Fe oxide 
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The exact stoichiometry of the reaction de
pends on compositional variations in the min
erals, especially Fe2+/Mg2+ and Fe3+/ AJ3+. Ca 

amphibole will have fixed Na content at its M
4 

site at given temperature and pressure when it 
coexists with albite, chlorite and iron oxide. 
Geobarometry only works when 102 is buffered 
by iron oxide, so that the most reliable pressure 
estimates are obtained when Ca amphibole is in 
contact with iron oxide. The Fe2+/Mg2+ and 
Fe3+/AJ3+ of amphibole have a minimal effect on 
the amount of Na of the M

4 
site, but when the 

pressure is >2 kb , the NaM4 content correlates 
inversely with Al in tetrahedral coordination 
(ApV

) . The mineral assemblage amphibole + 
albite + chlorite + Fe oxide also roughly buffers 
AJlv with respect to temperature. Thus , at con
stant press ure, the Al'v content of Ca amphibole 
increases and NaM

4 
decreases as the tempera

ture rises. (Brown 1977, Clark et al. 1989) 
After the mineral formula has been calculat

ed for a total cation charge of 46, press ure is 
estimated using a NaM

4 
vs. Al'v diagram. 

Amphiboles which have formed in hydrother
mal systems at very low pressures, lie in an area 
of this diagram where NaM

4 
is :::;0.05 and AI 'V 

:::;1 while the regional metamorphic amphiboles 
are in areas of higher NaM

4 
and AI 'V (Brown 

1977, Bird et al. 1984, Trzcienski et al. 1984, 
Sveinbjörnsd6ttir 1992) . 

Amphibole geobarometry results 

Two types of amphibole can be recognized at 
each site (Figs. 3A and 3J, p.18 and 20): (1) an 
early hydro thermal type which has replaced the 
primary Fe-Mg silicates (olivine and pyrox
ene), and (2) a late metamorphic type wh ich has 
replaced the early amphibole, chlorite and biotite. 
The calculated formulae for these are presented in 
Appendix 1. The early type at each site and the 
late type at Myllyvaara and Isolaki consist of 
tremolite-actinolite , whereas at the other sites 
the late type is actinolitic hornblende. 

The distribution of amphiboles into two groups 
in the NaM

4 
vs. AII V diagram (Fig. 55) indicates 

that regional metamorphism had no effect on 
the composition of the early, hydrothermal 
amphibole . Both Brown (1977) and Trzcienski 
et al. (1984) describe similar situations with 
amphiboles formed at several pressures in one 
sampie. 

The NaM
4 

vs. Apv diagrams show that the 
early amphiboles were formed at very low 
press ures «0.5 kb) and that nearly all of the 
early amphibole analyses are in the hydrother
mal region. The occurrence of early amphibole 
completely covers the amphibole zones at the 
sites , indicating that pressure during the forma
tion of these zones was near hydrothermal con
ditions for the Earth ' s surface . Only at Mylly
vaara did two analyses come close to the 2 kb 
isobar. These sampies, wh ich contain more 
NaM

4 
than the rest of the early amphiboles , are 

not known for certain to be in equilibrium with 
Fe oxide, however, and the geobarometry is not 
reliable in this case. 

Most of the late amphibole was formed at 
pressures of 2-3 kb (Fig . 55). This supports the 
results of the petrographic investigations, i .e . 
that the late amphibole which replaced the 
hydrothermal minerals was formed during re
gional metamorphism and that the hydrother
mal alteration was not related to the regional 
metamorphism. 

The compositions of the late amphibole at 
Myllyvaara , Isolaki and Palovaara are not as 
simple to interpret as those at the other sites. 
At Myllyvaara , the mineral association that 
includes the late amphibole does not contain Fe 
oxide, representing a kind of regional meta
morphic amphibole that tends , according to 
Brown (1977) , to be located in a lower pres
sure region of the NaM

4 
vs. Al'v diagram than 

it should. At Isolaki, no indication of regional 
metamorphic recrystall ization was found and 
the late amphibole indicates very low pres
sure. This implies that the later, fracture filling 
amphibole was most probably formed during 
hydrothermal alteration . At Palovaara, amphi
bole only occurs in an ultramafic rock, where 
the mineral association is amphibole + chlo-
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Fig. 55 . NaM
4 

vs. AI'v plot for the amphiboles. The isobars are from B rown ( 1977). The area of hydrothermal amphiboles 
formed ne ar earth surface conditi ons is halched (Brown 1977 , Bird et al. 1984, Sve inbjörn sd6ttir 1992) . The formul ae fo r the 
amphiboles were calculated based on a total cal ion charge of 46 using the RECALC program of Powell and Holland ( 1988) . 
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rite + biotite + albi te + magnetite . The albite 
content of the rock is very low, and thus , the 
pressure estimate obtained from the NaM

4 
vs. 

Al'v diagram is not as valid as is an estimate 
for amp hibo le in a mafic rock . The trend is 

nevertheless the same as a t the other s ites , in 
that the pressure was very low during hydro

thermai alteration and higher during regional 
metamorphism. 

Chlorite geothermometry 

Chlorite geo thermometry has been deve l
oped chiefly for studying ore deposits and re
cently active geothermal sys tem s (Ca thelineau 
and Nieva, 1985 , Kranidiotis and MacLean 
1987, Cathe li neau 1988) , and has been success

fully applied to ore deposits and fossil hydro

thermai sys tems (BeUison and Schiffman 1988, 
MacLean and Hoy 1991 , Offler and Whitford 
1992, Pankka 1992) and to regio nal metamor
phie conditions (e.g., Bevins et al. 1991 ). It is 
based on the positive correlation between tem
perature and AI 1V content, which has proved to 

be good (R = 0 .97) in so me modern geothermal 
areas where the variation in other thermody
namic variables is not temperature-dependent 

(Cathe lineau and Nieva 1985, Cathelineau 
1988) . Based on this relationship, Cathelineau 
(1988) gives formula [4], where the AI 1V of 
chlorite is the only variable. Bevins et al. 
(1991) show that this fo rmula works well with 

so me low grade regional metamorphie rocks. 

T/OC = -6 1.92 + 321.98AJlv [4] 

Kranidiotis and MacLean (1987) show in 
their crit ique that the Fe/(Fe + Mg) of chlorite 
should a lso be taken in account, because the 
Apv of ch lorite increases in parallel with the Fe 

content at constant temperature . They demon

strate that the corrected formula [5] works weil 
in the case of the Phelps Dodge minerali zation 
and its wall rocks (Kranidiotis and MacLean 
1987). 

106AJlV + 0.7Fe/(Fe + Mg) [5] 

Chlorite mu st be in equilibrium with an AI 
rich phase (e.g. , epidote, albite, sericite) and 
quartz, i.e ., the system has to be AI and Si0

2
-

saturated before formu la [5] can be used. In Al
undersaturated systems, formul a [5] g ives ap

prox . 50° lower temperatures than it should, 

but the correlation between the real and ca lcu

lated temperatures is still roughly linear and 
good (Kra nidioti s and MacLean 1987). If thi s 
is recognized, chlorite in ultramafi c rocks and 
chlorite-ta le and ch lorite-carbonate veins can 
also be used for geo thermometry. 

The effect of pressure on the shape or posi
tion of the chlorite solid solution field is poorly 

understood. The c hl orites used for geother
mometry calibration are formed at pressures of 
0.1-0.7 kb (Cathelineau a nd Nieva 1985) and 
geothermometry has been shown to be work
able at pressures up to 2-3 kb (Bevins et a l. 
1991) . Since a higher pressure may have a sig
nificant effect on A11v/Si substitution (Krani

dioti s and MacLean 1987), geo thermometry 
should be Iimited to chlorites that were obvi
ously formed in low-pressure environments and 

not recrystallized or formed at pressures hi gher 
than 2-3 kb . On the other hand , i t has been 
shown by Kranidiotis and MacLean (1987), 
Bevins et a l. ( 1991) and Offler and Whitford 

(1992) that the composition of early, hydro

thermal chlorite does not change duri ng later, 
low grade regional metamorphi sm. 

Ca1culation method 

Amphibole geobarometry indicates that pres

sure of the regional metamorphi sm at the 
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addition of 500 was made to the temperatures of the AI-under
saturated ultramafic rocks. 

present sites was 2-3 kb (Fig. 55). The chlorite 
is locally recrystallized, but it is still possible 
to find large amounts of hydrothermal , non
recrysta ll ized chlorite at each site, which war
rants the use of chlorite geothermometry. The 
chlorite compositions and formation tempera
tures calculated from formulae [4] and [5] are 
presented in Figure 56 , Table 27 (p. 106) and 
Appendix 2. 

Formula [4] always gives higher tempera
tures for the present chlorites than formula [5], 
except in the ca se of the most ultramafic rocks 
(Fig. 56 and App. 2) or if the temperatures of 
ultramafic rocks are corrected by 50°. Accord
ing to Sveinbjörnsd6ttir (1992), formula [4] 
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gives systematically high temperatures , al
though there was an evident positive correla
tion between actual temperature and A]Iv con
tent in Icelandic chlorites. This suggests that 
temperatures cal cu lated from formu la [5] may 
be considered more realistic for the chlorites 
examined here than those given by formula [4]. 

Chl or ite geo th erm ometry r es uIts 

Chloritization temperatures varied both be
tween and within the areas (Table 27). The 
lowest temperatures prevailed in a tuffite at 
Sivakkavaara (272°C), a moderate ly brecciated 
zone of an albite diabase dyke at Honkavaara 
(278°C) and lamprophyre dykes and sed iments 
at Myl lyvaara (265-287°C). A low temperature 
(270°C) was also found at Eksymäselkä, but it 
applies to an ultramafic cumu late of albite dia
base, which is AI-undersaturated, and thus the 
accuracy of the temperature calculation is poor. 
The highest chloritization temperatures apply 
to the interiors of large albite diabase dykes at 
Eksymäselkä and Lehtovaara (360°C and 
346°C, respectively). This supports the theory 
that the dykes formed the heat source for the 
hydrothermal system. The temperalures of the 
late chloritization stage (chlorite replacing car
bonate) were roughly the same as those that 
prevailed during formation of the ch lorite 
zones. 

Ca rbonate geotherm ometry 

The Mg content of calcite and the partition 
of FeC0

3 
between calcite and do lomite are tem

perature-dependent when calcite and dolomite 
are in equilibrium , and the effect of pressure on 
this equilibrium is small (Bickle and Powell 
1977). Anovitz and Essene (1987) present cal
culation formu lae based on this equi librium 
and calibrated over the temperature range 250-
700°C (Anovitz and Essene 1987, formula 23, 

p. 407 and formula 31, p. 409) . These formulae 
enable the temperatures at which the mineral 
pairs calcite-ankerite and calc ite- fe-dolomite 
were formed to be calculated. This greatly in
creases the applicability of the method in the 
hydrothermally altered areas of the CLGB, 
where ankerite is common and dolomite is 
normal ly Fc-rich . 
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Table 27. Chlorite geothermometry at the s ites. Temperatures are ea1cu lated from formula [51, with 50° added 
to those for AI -underaturated ultramafie rocks. The relation ship between the Fe/(Fc + Mg) of ch lorite and the 
whole rock (Fig. 57 , p. 110) is also indicated. The roeks are non-breee iated unless otherwise shown. Onl y late 
stage chlorite oceurs at Mylly vaa ra . 

Site Litbological unit T.vl'oC Fe/(Fe+Mg) equilibrium 
witb whole rock 

Eksymäselkä Ultramafic cumulate of albite diabase, AI-undersaturated 270 yes 

Ultramafic cumulate of albite diabase, AI-undersaturated 320 yes 

Albite diabase, 4 m from dyke margin, intensively brecciatcd 340 yes 

Albite diabase, 100 m from dyke margin 360 yes 

Fe-tholeiitic lava 323 yes 

Myllyvaara Lamprophyre dyke interior, thorough chloritization 279 no 

Highly brecciated siltstone, chlorite replacing albite 265 no whole rock analysis 

Highly breccialed quartzite, chlorile fi lled fractures 287 no whole rock analysis 

Highly brecciated siltstone, chlorite rep lacing carbonate 270 no whole rock analys is 

Highly brecciated siltslone, chlorite replacing carbonate 267 yes 

Lehtovaara Albite diabase , 40 m from dyke margin 346 yes 

Albite diabase, 20 m from dyke margin 33t no 

Albite diabase, lale chlorite replacing carbonate 342 no 

Sivakkavaara Albite diabase , 6 m from dyke margin 325 near equilibriurn 

Tuffite, 10 m from diabase contact 272 yes 

Inlerior of lamprophyre dyke 10 m wide 301 yes 

Larnprophyrc, lale chlorite replacing carbonate 321 ncaT equilibrium 

Honkavaara Albite diabase, 10 m from dyke margin, inlensively brecciated 328 ncaT equilibrium 

Albite diabase, 25 m from dyke margin, slightly brecciated 278 no 

Felsic volcanic rock , lale chlorite replacing carbonate 295 no 

Isolaki Ultramafic cumulate of alb ite diabase, 309 yes 
AI-undersaturated , slight ly breccialed 

Albite diabase, 3 m from dyke margin, inlensively breccialed 329 no 

Palovaara Ultramafic lava Of dyke interior. AI-saturated 30t yes 
(no AI-correction) 

Albite diabase, 2 m from dyke margin , intens ively breccialed 332 yes 

Tuffite layer 3 m thick belween lamprophyre dykes 5 m wide , 33 1 yes 
moderately brecciated 

Carbonate geothermometry r es ults carbonate at every site and in most of the litho
log ical units. A number of carbonate pairs suit
able for geothermometry were found only at 
Lehtovaara, while none was found at Mylly 
vaara, Isolaki and Palovaara and only 2 or 3 

pairs at Eksymäse lkä , Sivakkavaara and Hon-

It was difficult to find calcite-dolomite or 
ca lcite-ankerite pairs at the s ites that were in 
equilibrium, the major problem being the scar

city of ca lcite , as Fe-dolomite is the dominant 



Geological Survey of Finland , Bulletin 374 107 

Table 28. Carbonate geOlhermometry at the sitcs. The temperatures are calculated 
after Anovit z and Essene ( 1987). The geothermometry ranges of the early stage 
chlorites are also shown. 

Site Lithotogieal unit 

Eksymäselkä Ultramafic cumulale 
of albite diabase 

Albite diabase 

Lehlovaara Albite diabase 

Albite diabase 

Albite diabase 

Alb ite diabase r; 
Trachyte dyke 

Albite d iabase 

kavaara. The carbonate ana lyses and the calcu
lated temperatures are presented in Appe nd ix 3 . 
The rela ti o nsh ips between carbonate geother

mometry , litholog ica l units and ch loritization 
temperatures are presented in Table 28. Car

bonate geothermometry was app li ed to the 
Myllyvaara rocks and was presented in pre limi
nary pub lications arising from the present re
search (Ei lu 1992, 1993) , but upon revision, the 
calcite-dolomite minera l pairs proved not to be 

in equi librium. 
The chlorite and carbonate geothermometry 

results partially overlap at Eksymäselkä, Leh

tovaara and Honkavaara , i.e. , carbonation evi
dent ly took place at the same temperatures as 

chlor it ization. This poi nts to one, common hyd
rothermal system and a relative ly short time 
span for carbonation and chloritization. The 
rest of the carbonation temperatures are higher 
than the chloritization temperatures and cou ld 
indicate either aresetting during the regional 

metamorphism or increasing temperature in the 
hydrotherma l system. 

If the main heat source for the hydrothermal 

Carbonate type T,,,JoC T'hl',I" C 

fraeture fill , 371 -384 318-357 
porphyroblast 

fraeture fill 314 

fraeture fill 450-463 326-343 

porphyroblast 457-501 

fraerure fill 470-488 

fraeture fill 342-455 

fraeture fill 425 270-298 

fraeture fill 389-406 

porphyroblast 306 27 

system was the albite diabase dykes, no tem
perature increase wou ld have been possible 
afte r c hloritization and before regiona l meta

morphism , as the dykes were already cooling 
during ch loritization and no other potentia l 
heat source can be fo un d for the period between 

the dyke intrusions and the metamorphism. The 
carbonate temperature range of 380-500°C also 
points to resetting duri ng the regional meta
morp hism, as it fits weil with the regiona l 
metamorphic mineral associat ions at the sites, 

where the index mineral is actino litic horn
b lende. The carbonation temperatures of 450-
500°C, at Lehtovaara in particular fit s ignifi

cantly better with a regional metamorphic sys
tem than with a near-surface hydrothermal sys
tem , in which the highest temperatures are nor
mally approx. 400-430°C (e.g. , Seewald and 
Seyfried 1990). In additio n, if carbonates reset 
mo re easily than si licates d uring thermal events 
(Mottl and Holland 1978, Offler and Whitford 

1992) , i t is probable that the present carbonates 
would have been less liable to retain their 
hydrothermal compositions than the chlorites. 
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ALTERATION CONDITIONS 

H ydrothe rmal so lution s a re ac ti va ted a t va ri 
o us stages in the geody nami c evo luti o n o f rift
ed ba ins . H ydrotherm a l or di ageneti c fluid s 

beg in to fo rm durin g di age neti c processes with 

the moveme nt o f pore water durin g ea rl y com
pac ti o n o f the sedime ntm'y pil e (Bo les 1982, 
Aagaa rd e t a l. 1990 , Pirajno 1992). The intru 
s io n o f mafic mag ma into sedime nts results in 

frac turin g a nd heatin g of the pore fluid , and 
soon a fte rwa rds the te mperature in the dy ke
sedime nt contact may ri se to a max imum o f 
approx. 400°C (Pirajno 1992). Th e hea ted fluid 
wo uld the n be set into co nvec ti ve moti o n in a 

hydro the rm a l sys tem , fac ilita ted by the hi gh 
perill eability o f the sedime nts. 

The te mperature ra nge o f ig neous-sedime n
ta ry hydrothe rm al sys te ms can be wide. E lde rs 
at a l. ( 1992) desc ribe the Sa lto n Sea hyd rother
ma l sys te m, whi ch conta in s three ma in tem

pe rature zo nes: a chlo ri te-ca lcite zo ne a t 180-
320°C , a bi o tite zo ne a t 320 -34 5°C a nd an 
ac tin o lite-c linopyroxene zo ne at >345°C. Albi

te and quart z a re s tabl e in eac h zo ne. Accordin g 
to Magenheim and Gi es kes ( 1992), the te m
pe ra ture in the Guay mas Bas in (Gulf of Ca li 
fo rni a) dyke-sedime nt hydrothe rm a l sys te m is 
>300°C in the deep-seated pa rt , whe re a green
sc hi t minera l asse mbl age is fo rmin g , and 20-

200°C in the shall o w part, where hydrotherm a l 
fluid s e manate onto the sea fl oo r. The zo nes of 
e leva ted te mpera tures and hydrotherm al miner
a l asse mbl ages can be several hundred metres 
o r e ve n a kil o metre thi c k, and reach several 
kil o me tres la te ra ll y (Bird and No rto n 198 1, 
E lders e t a l. 1992) . A co mbinati o n o f a few 
wide mine ra l asse mbl age zo nes (hundreds of 

me tres - kil o metres) and severa l narrower o nes 
(metres - te ns o f metres) is mo re typi ca l of 

foss il hydrothe rm a l sys te ms, co rres po ndin g to 
la rge-sca le te mpe rature zo nin g and s ma ll -sca le 

c he mica l zo nin g of the sys te m (Fyo n and 
Croc ket 1982, Hay ba e t a l. 1985 , He nl ey and 

Hede nqui st 1986, Ki shida and Ke lTi c h 1987 , 

E lli o t-Meadows and Appl eya rd 199 1). 
Th e lith o log ica l associ a ti o ns in the C LGB 

indi ca te vo lcani c-sedime nta ry evo luti o n with 

substa nti a l hy pabyssa l mag mati sm in a ri ft 
zo ne (Räsä ne n e t a l. 1989, Ward e t a l. 1989, 
Lehto ne n e t a l. 1992). A lte rati o n processes are 
obvio us ly re lated to spec ifi c s tages of the geo
log ica l evo luti o n o f the CLGB . The sedime nts 

we re be ing a lte red for the first time durin g the ir 
di age nes is , be fo re th e th o le iiti c and la mpro

phyre mag mati sms. Mos t of the a lte ra ti o n is 
c learl y sy nmag mati c a nd re lated to the w ide

spread di abase mag mati sm, a ltho ug h a lte ra ti o n 
conditi o ns vari ed , a lte ra ti o n too k pl ace in sev

e ra l s tages and wea k a lte ra ti o ns re lated to lam
pro ph yre dy kes a nd fe ls ic d ykes ca nn o t be 
rul ed o ut. Reg io na l meta mo rphi sm and defo r

mation fo llo wed and pa rti a ll y overprinted the 
a lte ra ti o ns, but did not notabl y des troy the te x
tures a nd che mi ca l co mpos iti o ns fo rm ed durin g 
the a lte ra ti on stages in the a reas o f the centra l 
part of the C LG B studied here. 

Each a ltera ti on type is desc ribed in the fo l
low ing and the fo rm ati on cond iti o ns a re di s

c ussed with refe re nce to modern hydro the rm a l 
sys te ms, re la ted ex pe rime nta l resea rc h a nd 
an alogous a reas with foss il hydrothe rm al sys
te ms. Alth o ug h eac h a lte ra ti o n ty pe is di s
c ussed separate ly, it is ev ide nt that they have 
c lea r mutu al re la ti o nships and mos t of the a l
te rati o n zo nes we re formed s imulta neous ly 

under di ffe re nt conditi o ns. 

Amphibole zones 

A minera l asse mbl age of the leas t a ltered , s ites , ac tin o lite + a lbite + epidote + sphe ne + 
ma fi c a nd inte rm ediate ig neous roc ks at the magnetite ± qu artz ± chl o rite ± pyrite , a nd a 



low grade of brecciation with epidote, actino
lite and albite-filled fractures are characteristic 
of the mafic rocks in the amphibole zones at 

each site. These rocks are orthospilites (Cann 
1969). 

The chemical and physical conditions related 
to the formation of the orthosp i I ite assemblage 
can only be considered indirectly, because the 

sites lack any chemically unaltered rocks. Min

eral assemb lages and fracture fills s imilar to 

the amphibole zones are currently being formed 
in the basaltic and andesitic reservoir rocks of 
the Tcelandic high-temperature (>250°C) geo

thermal systems (T6masson and Kristmans
d6ttir 1972, Kristmansd6ttir 1983, Svein
björnsd6ttir 1992) and in submarine hydrother
mal sys tems (Humpris and Thompson 1978a, 

1978b, Alt et al. 1986, Alt 1992, Edmond 

1992). Experimental ev idence and theoretical 
models suggest that the mine ral assemblages 
form by interaction between mafic volcanic 
rock s and sea water at temperatures of 300-
430°C, pressures of 0.2-1 kb and relatively low 
water-rock ratios (wir) (wir = 1-5 , if T = 300-

350°C and p = 0.4-0 .6 kb ) (Seyfried and 
Bischoff 1977, Bischoff and Seyfried 1978, 
Hajash and Chandler 1981, Reed 1983 , Thomp

son 1983 , Bowers and Taylor 1987 , Seewald 
and Seyfried 1990, Delaney et al. 1992). In the 
sy nmagmatic hydrothermal sys tem , sea water 
penetrates through dykes and lava flow s whi le 
they are still hot , resulting in convective sys

tems wh ich involve fluid flow along discrete 

cracks (Lister 1983). 
Reaction [I] (Table 2), based on the above

mentioned experiments best describes the for
mation of the amphibole zone in basaltic rocks 
and related chemical changes. [n rocks contain

ing primary biotite , e.g. lamprophyres , reaction 
[2) applies. The fluid present during the altera
tion must be reducing and low pH, as the res ult 

rocks become enriched in Na , Sand Hp and 
depleted in Fe, Mn, Mg , Ca, K, Ba, Rb, Cu, Ni 
and Co. The existence of pillow lava at Ek
symäselkä site and at several sites in an analo
gous stratigraphic position in the CLGB sup-
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ports the submarine nature of the synmagmatic 
hydrothermal system. 

Compared with recent , unaltered tholeiitic 

lavas (MORB and continental types; Hughes 
1973, De la Roche et a l. 1980, Meyer et a l. 
1985, Wilkinson j 986), the thol e iites of the 
amphibole zones have lower Mn and Ca and 
higher Na and volatile concentrations. The 

amphibole zone data plotted on Hughes (1973) 

alkali ratio diagrams (F igs. 34, 39, 43, 46 , 49 
and 5 I) demonstrate that most of the rocks are 
depleted in K, probably together with Ba, Rb 
and Cs. The mineral assemblages indicate that 

thefc02 of the system was very low (epidote and 
sphene stab le) , and amph ibol e geobarometry 
unambiguous ly points to formation under near
surface conditions (Fig. 55 , p. 103). Thus the 

amphibole zones were formed at temperatures 

of 300-430°C , pressures of <0.5 kb and rela
tively low rock-fluid ratios, in the manner of a 
replacement process supported by a low brec
ciation grade . The fluid leached Mn , Mg , Ca, 

K, Ba, Rb and Cs , precipitated Na and hydrated 
the rocks. It is probable that mobile transition 
metals such as Zn, Ag, Cu, Ni and Co were 
leached from the rocks (Thompson 1983, Janecky 

and Seyfried 1987, Seewald and Seyfried 1990), 
although it cannot be proved from the present 

data. 
The chlorite geo thermometer data (Ta bl e 27, 

p. 106) confirm the above-mentioned tempera

ture ran ge, since the chloritization most prob
ably lOok place in the higher wir areas of the 

same hydrothermal systems. Especially when 
there is both chlorite and actinolite in the equi
librium mineral assemblage and the c hl orite 
and whole rock are in chemical equilibrium 
(Fig. 57), the chlorite geothermometry most 
probably also indicates the tempe rature of ac
tinolite formation (Table 27). Examples of such 
assemb lages exist in the albite diabase dykes at 
Eksymäselkä, Lehtovaara and Sivakkavaara and 
the ultramafic lava at Palovaara , wh ich give 
temperatures of 360°C, 340°C, 320°C, and 300°C, 
respectively. lf no chlorite occurs in the amphi
bole zone , chlorite geothermometry will give a 
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minimum temperature fo r the amphibo le a ltera
tion , because chlorite-bearing assemblages with 
o ut a mphibole a re formed at lower or equ al te m
peratures in hydrotherma l sys te ms re la ti ve to 

amphibole-bea rin g assemblages, but never hi gher 
temperatures (Bird and Norton 198 1, Mottl 1983 b, 
Sve inbj örnsdottir 1992). 

Epidotization 

At Ho nkavaa ra, where inte ns ive e pido ti za
ti o n has take n pl ace, the minera l assoc ia ti o n 
gradu a ll y changes from a mphibo le a lte ra ti o n to 

epido ti zati on a nd see ms to be in equilibrium . 
The mass bala nce calcul at io ns indi cate Fe, Na 
and Br loss and Mn , Ca, K , P, Ni and REE ga in , 
whi ch a re ex pl a ined by a co mbinati o n of reac
ti o ns [ I ] a nd [3 1 (Tabl e 2) and apa ti te fo rm a
ti on. Accordin g to expe rim enta l ev idence (Reed 

1983) , epidoti zati o n takes pl ace in submarin e 
hydrothe rm a l sys tems w ith a hi g her wir value 
th an in the case of orthospilite fo rm ati o n d e

scribed above (wi r app rox. 10 , if T = 300-

350°C and p = 0.4-0.6 kb), bu t Ca enrichment is 
necessa ry fo r intensive e pido ti za ti o n. [n addi

ti o n, a very low l e02 is essenti al fo r epidote sta
bili ty (Winkler 1979). 
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Ch lor it izat ion 

The Fe/(Fe + Mg) relationship between whole 
rock and chlorite (Table 27, p . 106, Fig. 57) 

indicates that an equilibrium between the rock 
and fluid was widely attained during chloriti za
tion at Eksymäselkä, Sivakkavaara and Palo
vaara, was attained in so me places at Mylly

vaara, Lehtovaara and Isolaki and was almost 

attained at Honkavaara . Most of the cases of 

greatest deviation from Fe/(Fe + Mg) equilibri
um represent post-carbonation conditions, when 
sericitization and tale formation took place in 
addition to the late-stage chloritization. 

At those sites where the whole rock/chlorite 
equilibrium conditions are indicated by the Fe/ 
(Fe + Mg) relationship (Fig. 57), the temperature 

ranges shown by the chlorite geothermometry 

(Table 27) were most probably attained com
pletely in the chloritizing zones, and the chlorite 

co mpositi o n paralleIs the eomposition of the 
surrounding rock. This is suppOI'ted by desc rip
tions of currently active hydrothermal systems 
(Mottl 1983b, Bird et a l. 1984, Reed and 

Spycher 1984, Henley and Hedenqui st 1986, 
Hemley and Hunt 1992). On the other hand , in 
the case of a non-equilibrium Fe/(Fe + Mg) 

relationship the temperature given by the chlo
rite is only the te mperature of the fluid and the 
immediately adjacent wall rock in the fraetures 
(G iggenbach 1981 , Henley et al. 1984, Svein
björnsd6ttir 1992, Lonker et a l. 1993). 

In the Fe/(Fe + Mg) non-equilibrium cases the 
chlorite composition primarily depends on the 
composition of the hydrothermal fluid (Bischoff 

and Seyfri ed 1978 , Reed and Spycher 1985 ), 
and in a ll these instances the Mg content is 
hi gher in the chlorite than in the surrounding 
rock (Fig. 57). This suggests a Mg-rich hyd ro
thermal fluid, whieh would be sea water in 
modern hydrothermal sys tems (Seyfried and 
Bischoff 198 I , Mottl 1983a, Ra gnarsd6tt ir et 
al. 1984, Shau and Peacor 1992, Lonker et al. 
1993). Since non-equilibrium chloritization 
(apart from cases of carbonate replacement) is 

petrographically similar to equilibrium chlori
tization, it is highly probable that both the equi
librium and non-equi libri um cases were eaused 
by the same kind of hydrothermal system with 
sea water as the deriving fluid. Also , the total 
range of the ch lorite geothermometry results 

(265-360°C, Table 27) fits weil with the chlo

ritization conditions of modern submarine hyd

rothermal systems (Spiess et al. 1980, Stakes 
and 0 ' eill 1982, Rosenbaue r and Bischoff 
J 983 , Mottl 1983b, Bowers and Taylor 1987 , 
Alt 1992). 

The hypothesis of a sea water origin for the 
hydrothermal fluid fits weil with the general 
characteristics of the a mphibole and chlorite 
zones . Chlorite-bearing mineral assemblages 

are frequently formed in modern submarine 

synmagmatic hydrothermal systems (Humphri s 
and Thompson I 978a, Mottl 1983 b, Reed J 983, 
Shau and Peacor 1992). The temperature of the 
chlorite-forming sea water-derived fluid is 

>230°C, and it is reducing and of low pH. The 

gradual change from an amphibole-dominated 
minera l assoc iation to a chlorite-dominated one 
- i.e. , from orthospilite to hyalospilite (Cann 

1969) - depends on the wir, as demon strated in 
Tabl e 29. 

Experimental result s suggest that direct ehlo
riti zatio n of mag mat ie mineral asse mblages 
(reaetion [6], Table 2) and indirect c hloritiza

tion via the chloritization of aetinolite, albite 
and epidote (reactio ns [81 and [9]) best descri be 
the formation of the c hloriti zed zo nes in mafie 

Table 29. Relationship between wir and s ilicate minera l 
assemblage in basaltic rocks a ll e red in a subm arin e 
hydrothermal sys tem (when T = 300-350°C , p = 0.4-0 .6 
kb) (MOll I 1983b). 

wir minera l asse mblage 

<5 aetinolite + albite + epidote + quartL 

5-35 chlorite + actinolite + albite + epidote + quartz 

35-50 c hlorit e + a lbite + quartz 

>50 c hl or ite + quartz 
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and in te rm edi ate rocks and re la ted c he mi cal 
changes. The chloriti zati o n reac tion s in rocks 

containin g primary b io tite, e.g. lamprophyres, 
are [7]-[ 10], and those in ultramafi c roc ks a re 
a co mbin a ti o n of reac ti o ns [4]-[6]. Th ese re
placeme nt s a re a lso recogni zabl e in the c hl orite 

zo nes a t the present s ites . During chl o riti za ti o n 

unde r hi gh wir co ndition s (w i r >35 in T abl e 29) 

the rocks become e nri c hed in Mg, Mn , S and 
Hp and depl e ted in Si , Ca, Na, K, Ba, Rb , Cs, 
Cu and Zn , while und er moderate wir condi
ti o ns, whe n bo th actino lite and c hl o rite a re 

stabl e, th e che mical changes I ie betwee n those 
related to the fo rmati o n o f the non -c hl o ritic 
minera l assoc ia tions of a mphibo le zo nes and 
that o f inte ns ive ly chl or iti zed zon es. (Mottl 
1983b, Reed 1983, Co lvine e t al. 1988, He ml ey 

a nd Hunt 1992) 

All three chl orite -bearin g min eral associ a
tion s desc ribed in T abl e 29 occ ur a t the present 
s ites . Th e do minant assoc iati o n at Le htovaara 
and Honkavaara is chl o rite + ac tinolite + albite 

+ e pidote ± quartz and tha t a t the o the r s ites 
c hl orite + a lbite + qu artz, whi ch represent mod

e ra te and hi gh wir, res pec ti ve ly . T he occ ur
re nce o f a ve ry hi gh wir assoc iati o n, chl o rite + 
qu artz, is res tri c ted to ext re me ly frac tured 
zo nes I mm - 50 c m w ide . 

The mass bal ance calculati o ns fo r c hloriti za
ti on (Fi gs. 35A , 42A and 47B) indi cate that 
Mn , Ca, a , K, Br, As, Ba and C u we re usuall y 

leac hed from the roc ks into the fluid and that 
the rocks were o nly e nriched in H

2
0 . Iron , S, 

Sb, Rb , Ni , Co a nd U we re al so mo bil e in some 
cases. The changes in ma in co mpone nt a nd H

2
0 

concentration s form ed the do minant part of the 

abso lute mass c hanges . Most o f these c he mica l 

cha nges are in good accord a nce w ith those 
obse rv ed in modern submarin e hydro thermal 
sys te ms and with the results of the ex periments 
o n c hl o riti zati o n unde r cond iti o ns of mode rate 
and hi gh wir (Humphri s and Tho mpso n 1978a, 
Mottl 1983a, Reed 1983, Rose nbaue r and 
Bi schoff 1983). E vide nt M g e nrichm e nt is in 

dicated at Ho nkavaara, but the appare nt Mg 

mobility was neg li g ibl e at the o the r s ites. The 
lack o f Mg enri chme nt scale la rge e nough to be 
indi cated by the mass ba lance ca lc ulati o ns is in 
acco rd a nce with the res tri c ted occurre nce o f 
the mineral assoc iati o n chl orite + quartz (Tabl e 
29). Thi s is a lso ex pl a ined by th e cases o f 
Fe/(Fe + M g) no n-equilibrium be twee n chl orite 

and who le rock (Fi g . 57), for ex tre me ly hi gh 
wir pre vailed in suc h narro w zo nes th at it is 

seen o nl y as Mg e nri c hm ent in c hl orite compo
s iti o ns but not in who le rock sa mpies. 

Biotitization 

Biotite has predomin antl y re placed the o the r 
mafi c s ili ca tes, by wh at the mass bal ance ca l
c ul ati ons and pe trograph y indi cate to have been 
essentiall y an equal vo lume re pl ace me nt pro
cess. The a lte rati o n was peaceful w ith res pect 
to defo rm ati o ns, and no frac turing too k pl ace. 
Biotite- fill ed frac tures a re abundant , but these 
had a lread y fo rm ed at the c hl o riti zati o n stage 
and bi o tite me re ly repl aced the c hl orite frac ture 
fi 11 mate ri a l. 

The mos t imponant c he mi ca l c hanges re lated 
to bi o titi za ti on were Ca a nd Na leac hing into 

the fluid a nd K, Cs, Rb , Ba and S prec ipitation 

fro m the fluid. So me tra ns iti on meta ls such as 

Fe, Mn , C u, Co and Ni were a lso mobi le loca l
Iy. The c he mi ca l cha nges are bes t desc ribed by 
the bi o titi zati o n reac ti o ns [l OH 12] and [1 7] 
and the sulphide fo rm ati on reac ti o ns [33]- [35] 
(Table 2) and by a weak ly redu c ing, nea r neu
tral or mildly ac id fluid with low aNja

K
+ and 

aCa2) aK+. No ca rbo nates were prcc ipitated with 
the bi otite . Thi s impli es e ithe r a low l

co2 
or the 

preventi o n of s imul taneous carbo nate prec ipi 
tati o n by the re lease of H+ in the bi o titi za ti o n 
reac ti o ns . 

It was not poss ibl e to evalu a te th e te mpera-

7 



ture of the biotitization stage directly, but the 

carbonate geothermometry also gives tempera
tures for biotitization when this was part of the 

main hydrothermal stage, as suggested by the 
contrast between the chemical changes in
volved in biotitization and carbonation + albi
tization , and when the carbonates did not re
equilibrate during regional metamorphism. 

This is probable at Eksymäselkä (314-384°C), 

Honkavaara (306°C) and locally at Lehtovaara 
(342°C), while the rest of the carbonate tem
peratut'es (Table 28, p. 107) most probably 
reflect regional metamorphic conditions. 

Potassium metasomati sm is not possible at 
the above-mentioned temperatures in a subma
rine hydrothermal system of subalkaline rocks 

as the rocks begin to lose K when the tempera
ture rises above 150°C and the total K loss 
occurs at temperatures above 300°C whatever 

the wir may be (Mottl 1983b). Ba, B, Li and Rb 
behave like K (Munha et a l. 1980, Mottl 1983a 
and 1983b). Thus , if biotitization at the present 
s ites was related to a submarine hydrothermal 

system, a K source must be found. Sediments 
surrounding the igneous rocks could be such a 
source, as there are extensive sediment piles at 
each site which originally had K

2
0 concentra

tions of 2-5 wt- % and which were depleted in 
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K during the alterations (cf., Tables 8 and II 
and Figs. 37B and 41). A sedimentary source of 
K is also supported by the position of the bioti 
tized zones near dyke-sediment contacts. 

Rubidium and barium could also have a sedi
mentary source, because they behave geo
chemically like K. The biotitizing fluid also 

contained S, Fe, Mn, Cu , Co and Ni locally, 
which were probably derived from the forma

tion of the amphibole and chlorite zones of the 
mafic igneous rocks . The origin of K and other 
LTL elements mayaiso lie to some extent in 
altered lamprophyre , which had high LlLE 
concentrations primarily. Thi s portion in the 
total LlLE of the hydrothermal fluids was 
smalI, however, because of the low total mass 

of the lamprophyre dykes relative to that of the 
altered sediments. The lack of K-enrichment 
haloes around the lamprophyre dykes also sup
ports the negligible importance of lamprophyre
derived LTLE in the alteration processes . Gra
nitization or granite-derived fluids can simi

larly cause significant LlLE enrichment (Eug
ster and Wilson 1985, Colvine et al. 1988), but 
this is improbable at the present sites becau se 
no signs of granitic influence, e.g., pegmatites, 

were found. 

Albitization and carbonation 

Diagenetic albitization 

Albitization of feldspars commonly takes 

place during the diagenesi of sediments (Boles 
1982, Ko and Hesse 1987 , Milliken 1988 and 
1992, Aagaard et al. 1990, Morad et al. 1990). 
In modern sediment basins , plagioc\ase begins 
to albitize rapidly when the temperature in the 
sediment pile exceeds 75-100°C, and it is total

Iy albitized at temperatures above 100-130°C. 
Potassium feldspar albitizes s lowly in the tem
perature range 60-150°C, and quartz is not re
placed by albite in diagenesis. Complete albi-

tization of feldspars In sa ndstones is achieved 
1-5 Ma after deposition at the above-mentioned 
temperatures, whereupon the provenance infor
mation contained in the feldspars of the sedi
ments is completely lost. Behr et al. (1983), 
Morad (1986), and Ko and Hesse (1987) have 
shown that similar diagenetic albitization also 
took place during Proterozoic and Palaeozoic 

times. 
Albitization proceeds by a dis so lution -pre

cipitation mechanism rather than by solid-state 
diffusion (Aagaard et al. 1990), and albite does 
not replace the original feldspar grain by grain 



114 Geological Survey of Finland, Bulletin 374 

everywhere, but aggregates of small albite 
crystals may replace the original plagioclase or 
K-feldspar grains, the clastic forms of which 
will thus be destroyed. Those albite aggregates 
form at temperatures of 60-90°C , when the 

precipitation velocity of albite is less than the 

dissolution velocity of the original feldspar 
(Milliken 1988, Saigal et al. 1988). At tempera
tures above 90-100°C, when the precipi tation 

velocity of albite reaches the dissolution veloc
ity of the original feldspar, perfect albite pseu
domorphs may form after the origi nal feldspar 

clasts. 
Albitization of a sedimentary layer is related 

to the addition of Na, wh ich presumably origi

nates from evaporites . There are indeed in 
many cases of intrastratal evaporites (e.g. in the 
North Sea and Mexican Gulf Coast basins) in 
which the clastic sediments have albitized 

(Land and Milliken 1981 , Saigal et al. 1988) . 
The diagenetic albitization of feldspars does 
not necessarily require a pore fluid of high 

salinity and/or high aN.+, however, and the 
proximity of evaporites is not essential. Ac

cording to Morad et al. (1990), an external Na 
source is not necessary either, if there are inter
bedded shales in which sheet silicates alternate 
in diagenesis . The chloritization of smectite 
and kaolinization of detrital Na-bearing micas 
can liberate enough Na for albite formation. 

Chloritization of smectite and illitization of 

smectite, kaolinite and dickite in the sediment 
pile are especially important processes for the 
albitization of K feldspar, wh ich , unlike 

anorthite, is stable in the P-T conditions during 
diagenesis. Therefore , in addition to the avail
ability of Na+ ions , a contemporaneous K-pre

cipitating process is aprerequisite for the albi

tization of K feldspar, i.e. the aNja
K
+ of the 

fluid must remain high . The illitization of clay 

minerals , which takes place in the same temper
ature range as the albitization of feldspars (be
ginning at 60°C) , is an effective K-fixing pro
cess , as the clay minerals donate Na to the fluid 
at the same time (M i 11 iken 1988, Aagaard et al. 

1990, Saigal et al. 1990). Ion exchange be
tween the sheet silicate-rich and feldspar-rich 

sedi mentary layers causes the former to be
come enriched in K and the latter in Na. Over

pressurization of the sediment layers caused by 
tectonic effects 01' impermeable cap rock accel
erates albitization, because the alteration of 
clay minerals is accelerated (Ko and Hesse 
1992) and Na+ ions are al ready abundantly 

available at 60°C. On the other hand , if illite 

formation is insufficient, the albitization of K 
feldspar will remain partial despite the total 
albitization of plagioclase and the good avail
ability of Na. 

Some albitization reactions that can take 
place under diagenetic conditions are presented 
in Table 30.The reactions suggest that the albi
tizing fluid is weakly acid and calcite , clay 

minerals and K mica form as by-products when 
feldspars are albitized. In addition to silt and 

clay horizons, the by-products precipitate in 
the pores of the albitizing sediment, and calcite 
in particular may totally fill the pore space, 
thus stopping the flow of fluid and interrupting 
albitization (Aagaard et al. 1990, Morad et al. 
1990) . 

Least a ltered sediments 

The average chemical compositions of the 
least altered sediments at the sites studied in
dicate albitization. The Na concentrations of 
the feldspar-bearing quartzites are higher than 
those for an average arkose quartzite presented 

by Pettijohn et al. (1987), for example, and the 

Table 30. Some common albitization reac ti ons th at ca n take place lInder diagene tic conditions. 

[37 1 2Quartz + 0.5H, O + Anonhite + Na+ + H+ -> Albite + 0.5Kaolinite + Ca'+ (Boles 1982) 
[38] Anorthite + HCO,' + W + H, O -> Kaolinite + Calcite (Morad e t al. 1990) 

[391 2K feld spa r + 9H, O + 2W + 2Na+ -> 2A lbite + Kaolinite + 2K + + 4Hßi0
4 

(Land and Milliken 1981) 

1401 2K feldspar + 2.SKaolinite + Na+ -> Albite + 2111ite + 2Quartz + 2.SH ,O + W (Morad et al. 1990) 



Ca and K concentrations generally significant

Iy lower (cf. Tables 15, 18 and 25, p. 78, 85, 
96). In cases where the Ca concentration of an 
albitized quartzite equals that of an average 
arkose, the petrography of the rock displays an 
above-average carbonate content but no Ca

bearing feldspar. 
Albite is the only feldspar in the sediments 

at all the sites except Lehtovaara. Potassium feld
spar exists at Lehtovaara in addition to albite, 
but only in a small part of the area. The albite 
content of the least altered sediments regularly 

varies according to the layering and does not 
depend on brecciation or the distance from 
dykes or lava units, which most probably play
ed an essential role in the formation of the other 

alteration types and zones. The originally feld

spar-rich layers (arkosites, silts) now contain 
more albite than the originally feldspar -poor 
layers (orthoquartzites , sericite quartzites). An 
albite pseudomorph or an aggregate of small 
albite crystals may exist at the site of an origi

nal feldspar elast. The K-feldspar-bearing quartz
ite of Lehtovaara is partially albitized , small 

albite crystals replacing the K-feldspar elasts. 
Carbonate porphyroblasts occur regularly in 
the least altered, albitized sediments, but the 
carbonate content is low , <0.1-1 vol.- % . All 
these features and the unfractured texture of the 
rocks imply complete or almost complete dia
genetic albitization of the sediments. This also 
means that the possible provenance informa

tion contained in the feldspars of the Lapponian 

sediments at these sites has been completely 
lost. 

If albitization took place under normal dia
genetic conditions, the alteration temperature 
must have been 60- 150°C . The sediments of the 
Central Lapland greenstone belt (CLGB) are 

Palaeoproterozoic in age , apparently deposited 

in a continental rift (Ward et al. 1989, Lehtonen 
et al. in prep.), and the geothermal gradient of 
the CLGB basins was very probably steeper 
than in the modern sedimentary basins in which 
diagenetic albitization has been described. There
fore, the albitization may have taken place at 
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significantly shallower depths and lower pres

sures than in the modern sedimentary basins, 
where the albitization depth is 2.5 -4 km and the 

pressure 0.4-0.7 kb. 
The origin of the Na needed for diagenetic 

albitization remains unresolved , but a combina
tion of the following sources would seem most 

probable: 
(1) Evaporites. There are no Na-bearing 

evaporites in the CLGB today, but there may 
weil have been once, as there are still Ca-Mg 
carbonate rocks in i ts sedimentary associations 

(Lehtonen et al. 1984 and 1985). The abun
dance of scapolite throughout the greenstone 
belt (e.g., Mikkola 1941 , Tuisku (985) similar

Iy points to evaporite deposits as a regional 
phenomenon (Vanko and Bishop 1982, Sieep 

1983, Kalsbeek 1992), although scapolite is not 
an abundant mineral at the present sites. The 
scapolite-bearing carbonate rocks of Sivakka
vaara could be altered evaporites, but there are 
no signs of evaporite layers at the other sites. 

(2) Clay minerals. Since only the feldspars 

are albitized in the least alte red types of sedi

ment, an evaporite-based pore fluid of high 
salinity and a

Na
+ is not necessary and Na release 

from clay minerals becomes a reasonable pos
sibili ty . K-m ica-beari ng, fi ne-grai ned layers 
which may originally have contained Na-bear

ing clay minerals are found at the sites , and are 
especially common at Eksymäselkä, Mylly 
vaara and Palovaara, where the diagenetic al

teration of clay minerals may have been the 
most important Na source. Where this process 
dominated , the coarse-grained sediments were 
enriched in Na and depleted in K, Rb and Ba 
while reverse changes took place in the fine
grained sediments. This process would explain 
the relatively high K concentration of some of 
the least altered fine-grained sediments and the 

early sericitization of the least altered silt ho
rizons at Myllyvaara. 

(3) Sea water. The tidal deposition environ
ment of the Lapponian clastic sediments (Ni ku
la 1988) suggests that the original pore fluids 
of the sediments were derived from sea water. 
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Hence a t least some of the Na needed for the 
diagenetic a lbiti zation of feldspars may have 
originated from sea water. 

Hydrothermal albitization and related 
carbonation 

Several a lbiti zed zones whose formation 
cannot be explained by diagenetic albitization 
or the albitization of plagioclase related to the 
formation of amph ibole and chlorite zones 

exist at the sites. Their brecciation grade is 
frequently high and the calculated rock volume 

and total mass change is from ±O% to over 

+50%, but most typically +10 - +25 % . These 
zones are a lso without exception carbonated. 
The intcnsities of albitization and especially 
carbonation vary considerably between and 
within the zones. Albilization and carbonation 
were roughly contemporaneous processes , al

though carbonates have replaced albite in some 
cases and carbonate-fi lied fractures cross-cut 
albite crystals. 

Two types of albitized and carbonated zones 

have been encountered: (I) zones 1-200 m wide 
at diabase dyke-country rock contacts, and (2) 
breccia zones 0 .5-20 m wide away from the 
contacts but commonly parallel to them. The 

two zone types are identical in their mineralogy 
and texture. 

The best examples of the contact-type altera
tion are a zone about 200 m wide to the east of 
the Eksymäselkä albite diabase intrusion (Fig . 
7 , p. 24) , the carbonated zones 10-20 m wide 
at Lehtovaara (Fig . 15 , p. 32) and zones 20-70 
m wide bordering the albite diabase in the 
northern part of the Honkavaara area (Fig. 25, 
p. 42). The weakly albitized and carbonated 

zones at Myllyvaara (Fig . I I , p. 29) represent 
the non-contact alteration type. In pi aces, espe
cially at Palovaara (Fig. 33 , p. 49), several 
albitized and carbonated zones are fused to
gether to form one extensive zone. 

Alteration related to albitization and car
bonation was in many ca ses so intensive that all 
mineralogical traces of the earlier alterations 

were lost. Also , the greatest chemical changes 
related to any alteration type at the sites took 
place during albitization and carbonation. 
Typical changes were losses in Fe, Mg, K, Cs, 
Rb, Ba, Cu , Co, Ni, V, Cr, U, Th and Hp and 

gains in Mn , Ca, Na , Sb, Wand CO
2

• [n addi

tion, Si , Br, Sand As were consistently mobile 
and P , REE, Sc and Ta mobile in some cases , 
but their mobility trends were not cons tant. If 
absolute mass changes are con sidered , the Fe, 

Mg, K and Hp losses and Ca, Na ana CO
2 

gains may be said to have been the most signifi
cant. Ti , AI , Zr were immobile , as also were Si , 
P, REE, Sc, Ta , V, Cr, U and Th in cases where 
alteration was less intensive. 

The decomposition of amphibole , chlorite , 
talc , biotite and magnetite will explain the 
depletion of Si , Fe , Mg, Cu , Co and Ni (reac
tions [In [19], [20] and [23] -[261; Table 2) , 

and correspondingly the decomposition of K 
feldspar , biotite and sericite ([ 16], [17], [26] 
and [291) will explain the K, Cs, Rb, Ba and Br 

depletion , whereas the decomposition of 
sphene, magnetite and apatite (e.g. , [21]) is 

responsible for the depletion of P, REE, Sc , Ta, 
V, Cr, U and Th. The Mn , Ca, REE and scm·ce 
Mg enrichments are related to carbonation 
([19] and [231-1261) and the Na enrichment to 
albitization ([16]-[18], [23] and [29J ). The S, 

Sb and As depletions and enrichments are ex 

plained by pyrite decomposition and formation 
([33J-[35]). 

Problems were encountered with the calcite

dolom ite geothermometry , as described in the 
chapter on carbonate geothermometry, as suit
able mineral pairs were only found at a few 

sites. Thus a ll geothermometry results do not 
correlate with the other indications of altera

tion conditions , although they correspond quite 
weil to the regional metamorphic conditions. 
The carbonate temperatures at Eksymäselkä, 
Lehtovaara, Sivakkavaara and Honkavaara, 
306-425 °C, match with the hydrothermal con
ditions of the amphibole alteration and chlori
tization , but the temperature range of 389-
425 °C for the Sivakkavaara carbonates devi-



ates from the temperature of the late chlorite 
(32 1°C), although it fits weil with the occur
rence of regional metamorphie amphibole (ac
tinolitic hornblende). Thus the hydrothermal 
temperatures during the formation of the albi
tized and carbonated zones were probably from 
270°C to 380°C. 

All of the above-mentioned features together 
indicate that the alteration was caused by a 
synmagmatic hydrothermal system during 
cooling of the dykes and lava flows, and con
temporaneously with amphibole a lteration and 
chloritization, i.e. spilitization, or soo n after. 
In particular, the location of most of the altera
tion zones at the contacts of the dykes and the 
parallelism of the rest of them with the dyke 
contacts are features that clearly indicate that 
the dykes, which large ly intruded into the sedi
ment piles, were the main heat source for the 
hydrothermal system. No chemical difference 
was found between the carbonation + albitiza
tion that occurred around the lamprophyre 
dykes and that around the albite diabase dykes 
(cf. Figs. 35 and 37, p . 60 and 66), which 
implies albite diabase-related alterations in and 
near the lamprophyre dykes. The genetic rela
tionship and overlapping temperature ranges of 
spilitization and biotitization in mafic rocks 
and carbonation + albitization in the diabase 
contact zones and sedimentary wall rocks is 
analogous to the zo nation of modern and fossi I 
submarine dyke-sediment hydrothermal sys
tems , involving one wide temperature zone and 
a few chemically di fferent zones (Fyon and 
Crocket 1982, Edmond 1992, Elders et al. 
1992, Stakes 1992, Magenheim and Gieskes 
1992) . 

The alteration patterns at Sivakkavaara form 
an exception to the above spilitization relation
ship. If the spilitization reactions ([2] or [7]) 
had affected the felsic dykes there would not be 
any K feldspar left, but as it is, the felsic dykes 
only are albitized, carbonated and sericitized in 
their contact zones and, contrary to the diabase 
and lamprophyre, are not spilitized. Thus, the 
post-spilitization al terations are related to the 
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intrusion of the felsic dykes , which formed the 
heat source during the alteration stage. This 
alteration pattern indicates that the hydrother
mal system related to the albite diabase dykes 
of Sivakkavaara was no longer active during 
the intrusion of the felsic dykes. 

It has been proposed that pervasive albite
carbonate alteration would a lso have been pos
sible after reg ional metamorphism and defor
mation in the CLGB (Härkönen and Keinäne n 
1989, Ward et al. 1989, Korkiakoski 1992) , but 
no signs of any post-metamorphic alteration 
stage were found in the a lbiti zed and carbonat
ed zones at the present sites. Contemporaneity 
of the alteration processes is a lso supported by 
the opposite Ca, Na, K, Cs, Rb and Ba trends 
in albitization and carbonation vs. biotitization, 
the opposite Mn , Mg, Ca and Na trends in albi
tization and carbonation vs. spilitization and 
the overlap of the chlori te and carbonate tem
peratures. Becallse sea water-derived fluid is 
considered essential for spilitization (Mott! 
1983b, Reed 1983 , Janecky and Seyfried 1987), 
contemporaneity of albitization + carbonation 
and spilitization would imply a sea water 
source for most of the Na needed for albitiza
tion. 

The concentration of CO
2 

in the hydrother
mal fluid must have been significant , because 
carbonation-sensitive minerals such as epidote 
and sphene are lacking in the alteration zones . 
The f

C02 
of the fluid nevertheless fluctllated 

during the formation of the zones , as is demon
strated by the variable carbonate content, the 
variable amounts of less COz-sensitive miner
als such as chlorite, and the alternating REE 
mobility (cf. Figs. 36, 38 and 53, p. 61,67 and 
98), as REE are predominantly mobile in the 
form of carbonate complexes under neutral and 
weakly alkaline hydrothermal conditions at 
temperatures up to a few hundred degrees 
(Humphris 1984, Brookins 1990, Wood 1990a 
and 1990b, Lottermoser 1992). Intensive albi
tization and a large K loss imply a high aNja

K
+ 

in the fluid , and low stability of the micas and 
carbonate deposition point to near-neutral or 



118 Geological Survey of Finland, Bulletin 374 

mildly alkaline conditions (Stakes and O'Neill 
1982, Henley and Brown 1985, Reed and 
Spycher 1985). The f

0 2 
probably varied, as 

pyrite, magnetite and haematite was deposited 
with the carbonates , but the widespread mag
netite decomposition, stability of haematite 
and rutile, scarcity of sulphides and U deple 
tion indicate predominantly oxidizing condi
tions (Large 1977, Nesbitt and Kelly 1980, 
Henley and Brown 1985). The composition of 
the fluid in the intensively altered zones was 

uniform, with high f C02 ' aNa/a K+ and fluid-rock 
ratio, as indicated by the tendency to form the 
mineral assemblage Fe-dolomite + albite + 
quartz + rutile regardless of the nature of the 
original rock, i.e. the system was fluid-domi
nated and the fluid was in equilibrium with this 
mineral assemblage. 

There are several possible CO
2 

sourees, and 
it is highly probable that there were no single 
source at any of the sites. The most intensive 
carbonation took place in the igneous rocks and 
their immediate vicinity. This may locally in 
dicate a magmatic source for CO

2
, as is also 

supported by the presence of lamprophyre 
dykes (Rock 1987 , 1991) . On the other hand , 
there are extensive areas of carbonate rocks 
and signs of evaporites in the CLGB (Lehtonen 
et al. 1984, Tuisku 1985). Since the magmas at 
the present sites usually intruded into sedi 
ments , it is probable that the CO

2 
of the sedi

ments , from both fluid and solid phases, was 
mobilized and took part in the hydrothermal 
carbonation . Without isotope investigations it 
is not possible , however, to prove the sedimen
tary origin of the CO

2
. Palovaara, where car

bonation was most intensive, is indeed situated 
near known sedimentary carbonate rocks , but 
the rocks at Sivakkavaara are not highly car
bonated , although the dykes and carbonate 
rocks are in contact. 

Albitization and carbonation at Isolaki 

The conditions under which the carbonation 
and albitization of albite diabase took place at 

Isolaki could be explained in the same manner 
as the formation of similar zones at the other 
sites, but it would have been impossible for the 
quartzite to be carbonated and albitized in a 
synmagmatic hydrothermal system because the 
radiometrie age determinations (Lehtonen 
1987) show the quartzite to be more than 200 
Ma younger than the diabase. 

The diabase-sediment and quartzite -con
glomerate contact zones are fractured, and 
would thus have formed a permanent flow path 
for fluids, i.e. upflowing magmatic or deep 
metamorphie fluids, downward or upward flow 
ing meteoric or sea water or a combination of 

these with a Na/aK + high, f C02 moderate or high , 
and pH near neutral. The temperature of a frac
tu re zone-related hydrothermal system can be 
relatively low and its influence on the rocks 
slow , but because its duration can be some 
orders of magnitude longer than that of a syn
volcanic hydrothermal system (Mottl 1983b, 
Craw et al. 1989, Lalou et al. 1990, Criss et al. 
1991 , Minissale 1991) , this extremely slow 
process can also alter the rocks considerably. 
As a consequence of the age of sedimentation , 
that of carbonation and albitization mu st be 1.9 
Ga or less, which indicates that alteration prob
ably took place during the Svecokarelian orog
eny , which lasted from approx. 2.0 to 1.8 Ga 
(Lehtonen et al. 1992) , and that the synorogenic 
silicic plutoni sm formed the heat source far the 
hydrothermal system. 

lt is possible that the sericite quartzite near 
the fracture zone was partly zeolitized at first 
and that the zeolites were subsequently altered 
to albite and carbonate by a CO

2 
influx or by a 

pH change in the hydrothermal system. Zeoli
tization takes place at a low temperature (gen
erally <250°C; Kristmansd6ttir 1975 , Bird et al. 
1984) if f C0 2 is low (Thompson 1971 , Winkler 
1979) or the pH high (Lambert et al. 1988). If 
the CO2 of the fluid ca me from the carbonate
bearing matrix of the conglomerate, however, 
no zeolitization would have been possible, as 
the f C02 was most probably high from the onset 
of the hydrothermal system. 



A fracture lOne-related hydrothermal system 

can also deposit chlorite, biotite, carbonate and 

albite in the albite diabase. If the diabase was 

not affected by a submarine hydrothermal sys

tem, the weakly altered amphibole zone (Fig. 

29) could not have been formed before the re

gional metamorphism. This is not likely, how-
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ever, because the amphibole geobarometry and 

the petrography of the diabase do not suggest 

any notable recrystallization during regional 

metamorphism but point to a very low press ure 

which was close to the hydrothermal conditions 

prevai ling near the Earth' s surface. 

Sericitization 

Sericitized zones occur in the same manner 

as carbonated and albitized lOnes, either in the 

dyke-wall rock contact zones or apparently 

independently but parallel to the dykes (see 

Figs. 7 and 21, p. 24 and 37). The sericitized 

lOnes vary in width from 30 cm to 100 m. The 

sericite frequently fills narrow fractures, but 

calculations show that the brecciation related to 

sericitization was negligible as far as the rock 

mass balance was concerned and that sericiti

zation was essentially areplacement process 

with a decrease in rock volume. 

Since the sericite replaced carbonates , serici

tization must have taken place after carbona

tion (Fig. 3D). The carbonated and sericitized 

lOnes overlap, however, so that the alteration 

processes must be related to each other. Some 

mineral reactions ([22], [24] and [26]; Table 2) 
also require roughly simultaneous carbonate 

and sericite formation. 

Typical chemical changes related to sericiti

zation were losses of Si, Fe, Mn, Mg, Ca, Na, 

P, BI' , Cu , Co, Ni and CO
2 

and gains in K, Cs, 

Rb, Ba, S, Sb, Wand Hp. Titanium , AI and Zr 

were immobile everywhere and Si, P , REE, Sc, 

Ta, V, Cr, U and Th locally. The main changes 

in absolute mass were in the main components 

and volatiles. 

The following relationships between element 

mobilities and mineral reactions are relevant to 

sericitization. The decomposition of chlorite 

and biotite (reactions [24] and [26]-[28]; Table 

2) explains the depletions in Fe, Mg, Mn, Cu, 

Co, Ni and possibly Br; epidote decomposition 

([24]) so me of the depletions in Fe , Ca and Mn; 

carbonate decomposition ([29]) most of the Ca 

and Mn depletions and part of the Mg and Fe 

depletions; and albite decomposition ([ 18], 
[22] and [29]) the Na depletions . Each of the 

above-mentioned reactions except [26] will 

explain the enrichment of K, Cs, Rb and Ba. A 

Si loss into the fluid instead of the Si0
2 

preci

pitation presupposed in the reaction formulae 

([18], [22], [24] and [26]-[29]) will explain the 

general Si depletion. The P depletion is related 

to apatite decomposition and the Sand Sb en

richments to pyrite formation ([33] and [34]). 
Sericitization requires an acid fluid (com

monly pH <5.5) with low aN,)aK+ and aNa/a
H

+ 

and moderate aK/a ll+ (Montoya and Helllley 

1975, Giggenbach 1984, Henley and Brown 

1985, Reed and Spycher 1985, Saunders and 

Tuach 1991) as shown in Figure 58, and pos

sibly very high wir (>50-100; Lesher et al. 

1986, MacLean and Hoy 1991). In addition, the 

Mg and Ca depletions illlply low aMg2/aK+ and 

aCa2/aK+ and the Si depletion silica undersatu

ration in the fluid . 102 was moderate with re

spect to the possible pH scale, and certainly not 

very high , because no haeillatite was formed , 

nor very low, because no pyrrhoti te was forilled 

(Fig. 59). 
The sericitization teillperature varied be

tween the sites , but the teillperature estilllates 

remain fairly crude as Illuscovite-paragonite 

geotherllloilletry could not be used. Sericitiza-
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Fig. 58. Aeli vity diagram for the ideal system K,G-Na,G-AI,O ,
SiO,-H,O at 250°C with quartz present (Henley and Brown 
1985). -

ti on can take place in hydrothermal systems of 
low pressure and in the temperature range 
< ISO-350°C (B i rd et al. 1984, Lesher et al. 
1986, Robinson and Merchant 1989, Ames et 
al. 1991 , MacLean and Hoy 1991, Cooke 
1992). These carbonate geothermometry re
ults referring to the carbonation conditions fit 

with the upper part of the sericitization tem
perature range . Carbonate geothermometry 
may thus give the sericitization temperature in 
those rocks in which sericitization and car
bonation overlap: 314°C at Eksymäselkä, 
342°C at Lehtovaara, and 306°C at Honkavaara 
(Table 28) . Late chloritization is related to 
sericitization at some sites , and the geothermo
metry of the late-stage chlorite also provides 
sericitization temperatures (Table 27): 342°C 
at Lehtovaara, 321 °C at Sivakkavaara and 
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Fig. 59. Stability fjelds of Fe-O-S minerals in a lm-pH spaee at 
250°C for low values of total di ssolved sulphur (S = IO"'M) 
(Large 1977). The possiblelm- pH region during serieitization al 
lhe sites is halched. 

295 °C at Honkavaara. 
The change from albitization and carbona

tion to sericitization requires a decrease in pH 
and/or temperature, as both favour sericite 
deposition and a pH decrease also favours car
bonate and albite decomposition (Giggenbach 
1984, Henley and Hedenquist 1986, Saunders 
and Tuach 1991). Some carbonation and al bi
tization reactions which took place at the sites 
([17], [23] and [24]) released W, causing a 
significant pH decrease in the fluid . This 
change in pH was probably the reason for the 
sericite precipitation and the replacement of the 
carbonates . A close relationship between car
bonation and sericitization also is supported by 
the negligible difference between the carbona
tion and late chloritization temperatures at 
Honkavaara (11 °) and Lehtovaara (0°). 



Sericitization and pyritization at 
Palovaara 

Sericitization at Palovaara was more inten
sive and had strikingly more sulphidation relat
ed to it, chiefly pyritization, than at the other 
sites. The major chemical differences between 
the sericitized zones in Palovaara and those at 
the other sites are the higher S, As , Cu and Co 
concentrations and greater grade of enrichment 
of these elements in the sediments and tuffites 
of Palovaara. Also the brecciation related to 
sericitization was more intensive, and the rock 
vol urne increase was probably significant in the 
sediments and tuffites. 

The intensive sulphidation indicates that the 
sulphur content of the hydrothermal fluid was 
higher than at the other sites and the high seri
citization intensity implies a lower pH. The 
fluid carried Fe, Cu and Co in particular, most 
probably in bisulphide and chloride complexes 
(Large 1977 , Drummond and Ohmoto 1985 , 
Reed and Spycher 1985). The i

02 
of the fluid 

may have been within the range of sericitiza
tion at the other sites because pyrite becomes 
stable instead of magnetite when the total sul

phur content of the fluid is high , pH low andj~2 

steady (Large 1977, Nesbitt and Kelly 1980, 
Henley and Brown 1985 , Huston and Large 
1989). The sericitization temperatures at Palo
vaara remain unknown , because the calcite
dolomite, muscovite-paragonite and chlorite 
geothermometries cannot be employed. 

The sediments and tuffi tes at Palovaara con
tain a few totally sericitized zones in which the 
mineral association is sericite + quartz ± rutile. 
These zones are brecciated , with their fractures 
filled with pyrite ± quartz. This extremely in
tensively altered assemblage implies a boiling 
zone in the hydrothermal system (Giggenbach 
1981 , Drummond and Ohmoto 1985, Reed and 
Spycher 1985) . When a hydrothermal , sul
phide-bearing, silica-rich fluid boils, a CO

2 
± 
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HCI-bearing gaseous phase separates out, the 
temperature of the residual fluid decreases and 
its pH suddenly increases, whereupon the fluid 
becomes oversaturated, the bisulphide and 
chloride complexes are decomposed and su l
phides and silica are precipitated (T6masson 
and Kristmansd6ttir 1972, Henley et al. 1984, 
Reed and Spycher 1985, Spycher and Reed 
1989). As and Sb may be precipitated with 
sulphides (Spycher and Reed 1989). A large 
proportion of the sulphides at Palovaara occur 
as fracture fill material , as is typical of precipi
tation from a boiling fluid (Reed and Spycher 
1985 , Merchant 1986). The gaseous phase that 
separates out during boiling is low in pH and 
may leach the surrounding rocks effectively, 
leaving only a Si-AI-rich residue with an as
semblage of silica + c lay minerals or silica + 
sericite (Giggenbach 1981 and 1984, Kerrich 
1983 , Drummond and Ohmoto 1985, Reed and 
Spycher 1985 , Steinthorsson et al. 1987). Dur
ing regional metamorphism, the residue recrys
tallizes to a quartz-muscovite schist, a rock 
similar to the most markedly sericitized sedi 
ments and tuffites at Palovaara. 

Intensive sericitization is generally found to 
be more typical of subaerial than subaqueous 
hydrothermal systems and the occurrence of a 
boiling zone is commonly considered an indi
cation of subaeria l alteration conditions 
(Giggenbach 1984, Merchant 1986, Christen
son 1989, Robinson and Merchant 1989) , al
though Kerrich (1983) and Hall (1992) demon
strate that highly aluminous rocks with argillic 
alteration are formed as a product of submarine 
near-seafloor hydrothermal leaching in the 
presence of an acid vapour phase with CO

2 
that 

has evolved from the boiling of a CO
2
-rich 

hydrothermal fluid. Di II et al. (1992) show that 
sericitization has taken place in modern sub
marine hydrothermal systems. Thus , the boil
ing zones at Palovaara do not inevitably mean 
that the system was subaerial. 
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Late chloritization and talc formation 

Late chloritization is characteristic of the 
Eksymäselkä, Myllyvaara, Sivakkavaara and 
Honkavaara sites, and late tale formation of 
Myllyvaara and Honkavaara. The alteration is 
contemporaneous with sericitization, because 
the late chlorite and talc have the same mode 
of occurrence as sericite and are apparently in 
equilibrium with it. 

The chlorite geothermometry (Table 28) sug
gests that the alteration temperature of the late 
chloritization and talc formation was relatively 
high, from 265 °C (Myllyvaara) to 342°C (Leh
tovaara). Thus, the alteration took place at only 
slightly lower temperatures than the spilitic 
chloritization and carbonation (cf. Tables 27 
and 28, pp. 106-107), the pH of the fluid being 
lower than during carbonation (Fig. 60) but 
slightly higher than during seflcltlzation 
(Giggenbach 1984). The f

02 
of the system re

mains unclear except at Myllyvaara, where the 
conditions were moderately oxidizing, as mag
netite and rutile are obviously in equilibrium 
with the late chlorite . 

Talc formation, low Fe/(Fe + Mg) in chlorite 
and the decomposition of carbonate indicate 

that the Mg concentration and the aMg2/aFe2+ and 
aMgjaca2+ were high in the fluid. The contem
poraneity of sericitization, chloritization and 
tale formation suggests that chlorite or tale was 

precipitated when the aMg2/aNa+ and aMg/a K+ 
ratios were high enough for them but too high 
for micas (Giggenbach 1984), while talc was 
precipitated instead of chlorite when the aMg2+ 
was highest, the pH was slightly higher (Fig. 
60) and/or the activity of AI was low (Large 
1977, Roberts and Reardon 1978, Bird et al. 
1984, Luce et al. 1985) . 

The Fe/(Fe + Mg) relationships (Fig. 57 , p. 
110) indicate that the greatest deviations from 
the chlorite-whole rock equilibrium in the hy
drothermal system existed during late chloriti
zation. As was shown in the discussion of early 
chloritization, this non-equilibrium suggests a 
Mg-rich hydrothermal fluid comparable to sea 

350.,---------y;r; 

T'C 

250 

200 

150 

pH 
100+---.--,-~~~ 

2 4 

Fig. 60. Relative stabilities ofideal composition Mg chlorite, talc 
and calcite in relation to pR and temperature (Large 1977). 

water in modern hydrothermal systems. The 
geothermometry of the late stage chlorites 
(265-342°C, Table 27) also fits with the chlo
ritization conditions of modern submarine hyd
rothermal systems (Stakes and O ' Neili 1982, 
Mottl 1983b, Alt 1992). An equilibrium was 
found between late stage chlorite and whole 
rock at Myllyvaara (Table 27) , representing 
conditions that prevailed in highly brecciated 
siltstone, where the wir was so high that a Mg 
enrichment was possible throughout. 

The formation of tale in areas with no prima
ry Mg-rich rocks (Myllyvaara and Honkavaara) 
also supports the assumption of a submarine 
hydrothermal system , as tale is a common prod
uct of modern submarine hydrothermal altera
tion capable of being produced by mixing of a 
Mg-poor and silica-rich hydrothermal fluid 
with unmodified, Mg-bearing sea water (Spiess 
et al. 1980, Stakes and O'Neil 1982, O ' Neil and 
Stakes 1983, Alt et al. 1986, Shau and Peacor 
1992). The mixing can take place on the sea 
floor 01' in highly brecciated zones of the up
flow channels of a submarine hydrothermal 
system (Costa et al. 1980, Lonsdale et al. 1980, 

Costa et al. 1983, Aggarwal and Nesbitt 1984). 



Indeed, tale was formed in the most brecciated 
zones at Myllyvaara, wh ich may thus have been 
upflow zones in which the two fluids were 

mixed. 
A Mg gain from sedimentary pore fluids is 

not totally ruled out in tale formation , however 
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(Lonsdale et al. 1980), and tale formation in 
previously Mg-pool' areas is therefore not suf
ficient evidence for assuming submarine condi
tions, although it fits weil with the other evi
den ce for a submarine system and a sea water 
origin for the hydrothermal fluids. 

Alteration styles and conditions 

The alteration styles and conditions, with 
related mineral associations and chemica l 

changes, are summarized separately for each 
site in Tables 31-37 (pp. 124-130). 

SUMMARY AND CONCLUSIONS 

A NW-SE striking rift zone was formed in an 
Archaean continent at the present site of the 
CLGB in Palaeoproterozoic times (Räsänen et 
al. 1989, Ward et al. 1989, Lehtonen et al. 
1992), and the Middle Lapponian sedimen ts 
were deposited in thi s rift in shallow marine 
and fluviatile environments (Nikula 1988) and 
were soon a lbiti zed under diagenetic condi
tions. 

Upper Lapponian igneous activity in the cen
tral part of the CLGB probably began with 
small-volume lamprophyric magmatism and 
was followed by a voluminous tholeiitic phase 
approx. 2.2 Ga ago. Small-scale hydro thermal 
systems may have been active in combination 
with the lamprophyre dykes , and large-scale 
hydro thermal acti vi ty causi ng comprehensi ve, 
widespread alterations was generated by the 
tholeiitic magmatism. The main heat sources 
were the dykes and si ll s , and the fluids were 
predominantly derived from sea water. The 
temperature zonation was weakly developed in 
the system, as most of the alterations took place 
in same temperature range, but the chemical 
zonation was more complex (Tables 31-37) . 
The igneous rocks were spi liti zed , and their 

wall rocks were simu ltaneously albiti zed and 
carbonated. Biotitization took place between 
the spilitizing and carbonating zones, in the 
margi ns and breccia zones of the igneous bod
ies. During the evo lution of the hydrothermal 
system , the carbonating zones expanded and 
also covered the most markedly brecciated 
zones of the igneous rocks and the marginal 
zones. Sericitization soon followed and over
printed carbonation, as the composition of the 
hydrothermal fluid changed. 

Two smaller-scale alteration stages fol lowed 
those related to the tholeiitic intrusions: (I) 

felsic magmatism, manifested by severa l dykes 
at the Sivakkavaara site, generating small-scale 
carbonating, albitizing and sericitizing hydro
thermal systems locally after the cessation of 
the diabase-related hydrothermal systems ; (2) 
fracture zone-related carbonation and albitiza
tion taking place locally in the CLGB during 
the Svecokarelian orogeny, as displayed in the 
sediments of the Isolaki site. 

The a lteration stages related to the geologi
cal evolution of the central part of the CLGB 
is described more precisely below. 



Table 31 . Alteration conditions at Eksymäselkä, in chronological order from left to right. 

Alteration type J~enetic a1bitization Amphibole Chlorite-biotite Albite - carbonate Sericite - chlori.y 
I-Bt zone in sediments) (diabase and lava) (diabase, lava and tuffite) 

Mineral association Qz+Ab+Ser +Mgt Act+Ep+Ab+Chl+ Chl+Ab+Mgt Ab+Crb+Qz+Rt Ser ± ChI 
± Hm, Crb, Bt Mgt+l1mJSp ± Qz, 11m, Bt ± Ser, Mgt, Hm 

Alteration style thorough thorough thorough or selective thorough or selective selective 

Brecciation grade nil weak weak - intens ive weak - intensive weak 

Fracture fill - Ep , Ab ChI, Qz, Bt, Ab , (Py, Cp) Crb, Ab, Qz, (Py, Cp) Ser 

Gains feldspar-rich: Na ? Na, H,O CHL: Mg, S, Rb, Cr, H,O Mn, Ca, Na, S, Sb, K, (Cs, Rb, Ba) 
mica-rich: K, Cs, Rb, Ba ? BT: K, S, As , Rb , Ta, As, CO, 

H,O 

Losses feldspar-rich: K, Cs , Rb, Ba Fe, Mn, Mg, Ca, K, CHL: Si , Mn, Ca, Na, K, Fe, Mg, K, Rb, Ba, Si, Mn, Ca, Na, Co, 
? Cs, Rb, Ba, Cu, Ni , Br, Sb, Ba, Cu Ni, Co, Sc, V, Th , CO, 
mica-rich : Na? CO HP 

Volume change ±O% ? ? -10% -10 - >+30% -15 - -5 % 

T 60-1 50·C? ~340-360 ·C (270-) 320-360· C 314-384· C? ,,;3 14·C? 

p low <0.5 kb <0.5 kb low low 

Im ? reducing reducing predominantly high ? 

Ic02 low very low very low moderate - high low 

pH weakly acid acid acid near neutral distinctly acid 

Fluid sediment pore fluid ± sea evolved sea water evolved sea water ± evolved sea water + evol ved sea water ± 
water ± evaporite-derived sediment-derived K-rich magmatic and/or fresh sea water ? 
fluid fluid? sediment-derived CO, 

Abbreviations: CHL = chloritization, BT = biotitization. Ab = albite, Act = actinolite, Bt = biotite, ChI = chlorite, Cp = chalcopyrite, Crb = carbonate , Ep = epidot, 
Hm = haematite, !Im = ilmenite , Mgt = magnetite, Qz = quartz, Py = pyrite, Rt = rutile, Ser = sericite, Sp = sphene. 



Table 32. Alteration conditions at Myllyvaara, in chronological order [rom left to right. 

Alteration type Diagenetic albitization Amphibole - biotite Albite - carbonate Chlorite - Tale 
(= Bt-Ser zones in sediments) (Iamprophyre) 

Mineral association Qz+Ab+Bt+Ser+ Mgt Bt+Act+Ab+Mgt+Sp Ab+Dol +Qz+Rt Chl+Ab+Qz+ Rt ± Mgt , 
± Hm, Crb ± Kfs, Ep ± Hm 001 

TC+Ab+Dol+Qz+ Rt 

Alteration style thorough thorough weak: selective thorough (CHL) or 
intensive: thorough selective (CHL, TC) 

Brecciation grade very weak weak moderate - intensive weak - intensive 

Fracture fill Qz, Ser Qz, Ser , Bt Qz, Ab, 001 , Hm Chl ±Qz, Tc 

Gains feldspar-rich: Na? Na, HP? Mn , Ca, Na, Br, Sb, W, CO, Mg, H,O 
mica-rich: K, Cs , Rb , Ba ? 

Lasses feldspar-rich: K, Cs , Rb, Ba ? Fe , Mn, Mg, Ca, K, Ba, Cu, Fe, Mg, K, S, Rb , Ba, Co, Si, Mn, Ca, K, CO, 
mica-rich: Na ? Ni , Co, CO,? Ni , V, Cr, Th, H,O 

Volume change ±O% ? ? -10 - > +50% TC: -10%, CHL: ? 

T 60-150°C? ~300°C ? ~265 °C ? 265-287"C 

P low <0.5 kb? < 0.5 kb ? low 

102 ? reducing high moderate 

I cm low ? moderate - high low 

pH weaklyacid acid weakly acid - > near neutral weaklyacid 

Fluid sediment pore fluid ± sea evolved sea water evolved sea water ± magmatic evolved hydrothermal fluid + 
water ± evaporite-derived and/or sediment-derived CO,- fresh sea water ? 
fluid fluid 

Abbreviations : CHL = chloritization, TC = talc formation. Ab = albite, Act = actinolite, Bt = biotite, Chi = chlorite , 001 = dolomite, Ep = epidote, 
Hm = haematite, 11m = ilmenite, Kfs = K-feldspar, Mgt = magnetite , Qz = quartz, Rt = rut ile, Ser = sericite, Sp = sphene, Tc = talc . 
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Table 33 . Alteration conditions at Lehtovaara , in chronological order from left to right. 

Alterati j~netic albitization Amphibole Chlorite Biotite Albite - carbonate Sericite (- chlorite) 
zite) (diabase) (diabase) (diabase) 

Mineral association Qz+Ab+Mgt Act+Ep+Ab+ Chl+Ab+Mgt+ Bt+Ab+Qz+Mgt Ab+Crb+Qz+ Rt Ab+Ser(Chl)+Crb+ 
± Ser, Crb , Bt Mgt Qz ± Chi , Ep ± Bt , Mgt , Hm Qz+Rt 

± Sp, 11m ± Ep, Sp 

Alteration style thorough thorough thorough selective thorough or selective thorough 

Brecciation grade nil very weak weak - intensive moderate - moderate - intensive nil 
intensive 

Fracture fill Ep , Qz Chi , Qz, Py Bt, Qz, Mgt Crb, Bt, Qz, Py -

Gains Na ? H,O Na, Br, U, Hp Na, K, Cs , Rb, Ba, Ca, Na, Sb , As, W, OB: K, S, W, Ba, Cr, U 
La, U, Th , H,O CO,. (La, Sm, S) QTZ: As, Sb ? 

Losses K, Cs, Rb , Ba ? ? Mn, Ca, S, As, Mn, Ca, Sb , As , Fe, Mn, Mg, K, Rb, Si , Mn, Mg, Ca, Br, As, 
Cu, Cr Cu, Co, Cr Ba, Cu, Co, Ni , V, Cu, Co, Sm, Sc, CO, 

HP 

Volume change ±O % ? ? -5 % ±O % ±O - +28% -8 % 

T 60-150°C? ;:o:345°C 330-345 °C ca. 340°C? ca. 340°C? ca. 340°C 

p low < 0.5 kb < 0 .5 kb low low low 

102 ? reducing reducing reducing moderate - high moderate? 

Ic02 low very low very low low low - high high 

pH weaklyacid acid acid acid - near neutral near neutral weaklyacid 

Fluid sediment pore fluid evolved sea evolved sea evol ved sea water evolved sea water + evolved hydrothermal flu id 
± sea water ± water water + sediment-derived magmatic and/or ± sea water ? 
evaporite-derived K-rich fluid ? sediment-derived CO, 
fluid 

Abbreviations: OB = albite diabase, QTZ = quartzite . Ab = albite, Act = actinolite, Bt = biotite, Chi = chlorite, Crb = carbonate, Ep = epidote, Hm = haematite, 
11m = ilmenite, Mgt = magnetite, Qz = quartz, Py = pyrite, Rt = rutile, Ser = sericite, Sp = sphene. 



Table 34. Alteration conditions at Sivakkavaara, in chronological order from left to right. 

ration type Diagenetic albitization Amphibole - chlorite K feldspar Biotite Carbonate - albite " 
(quartzi te) (diabase) (felsic dykes) (diabase) 

Mineral association Qz+Ab+Mgt OB: Kfs+PI+Qz+ Bt+Ab+Qz+Mgt Ab+Crb+Qz+Rt Ser ± ChI 
± Ser, Rt , Bt Act+Ep+Ab+Chl+Mgt Mgt ± Mgt , Bt, Ser, Py 

LP: ± Bt, Ep, Sp 
Act+Ep+Bt+Ab+Mgt+Sp 

Alteration style thorough thorough thorough thorough or selective thorough or selective selective 

Brecciation grade nil weak nil nil weak - intensive weak 

Fracture fill - Ep, Ab, ChI, Qz - - Crb, Qz, Bt Ser 

Gains Na? H,O, (Na?) (K, H,O ?) K, S, Rb, Ba, H,O Mn, Ca, Na, W, La, CO" SER: K, Rb, Ba 
(S, Sb, Sm) CHL: Mg, H,O 

Losses K, Cs, Rb, Ba ? (CO" K, Cs, Rb, Ba ?) (Ca ?) Mg, Ca, Na Fe, Mg, K, As, Cs, Co, CO, 
U, (Rb , Ba, Cu, Ni, Th) (Na, Mg, As ?) 

Volume change ±O% ? ? ? ? (CHL+BT: -8-+ 10% ? 
+13%) 

T 6O-150°C? OB: :<!325°C, LP: :<!300°C ? 300-320°C? ca. 300 - 320°C? ca. 320°C 

p low <0.5 kb ? low low low 

102 ? reducing ? reducing predominantly oxidizing ? 

Ic02 low very low very low very low moderate - high low 

pH weaklyacid acid near neutral ? near neutral - near neutral acid 
mildlyacid 

Fluid sediment pore fluid evolved sea water ? evolved sea water + evolved sea water + evolved 
± sea water ± sediment -derived K ? magmatic and/or sediment- hydrothermal 
evaporite-derived derived CO, fluid ± fresh sea 
fluid water? 

Abbreviations: OB = albite diabase, LP = lamprophyre. BT = biotitization, CHL = chloritization, SER = sericitization. Ab = albite, Act = actinolite, Bt = biotite, ChI = 
chlorite, Cp = chalcopyrite, Crb = carbonate, Ep = epidote, Hm = haematite, 11m = ilmenite, Mgt = magnetite , PI = plagioclase, Qz = quartz, Py = pyrite, 
Rt = rutile, Ser = sericite , Sp = sphene. 
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Table 35. Alteration conditions at Honkavaara, in chronological order from left to right. 

Alteration type Diagenetic Amphibole Epidote Chlorite Biotite Carbonate - albite Sericite -
albitization (diabase, (diabase) chlorite - talc 
(sediments) volcanic rocks) 

Mineral association Qz+Ab+Rt Act+Ep+Ab+ Ep+Act+Sp Chl+Bt+Ab+M Bt+Chl+Ab+M Ab+Crb+Qz+Rt Ser/Chl/Tc + 
± Hm Mgt ± Ab, Mgt, Ap gt +Sp ± Qz, gt ± Ser, Hm Ab+Qz+Mgt 

± ChI, Sp, Bt Ep, Rt ± Qz, Act , Rt 

Alteration style thorough thorough highly localized selective selective thorough or selective selective 

Brecciation grade nil weak weak weak - intensive nil weak - intensive weak - moderate 

Fracture fill - Act, Ep, Ab, Qz Ep, Ap ChI, Py, Cp - Crb, Qz Ser, ChI, Tc 

Gains feldspar-rich: Na? Na, HP Mn, Ca, K, P, Mg, HP Fe, Mn, K, P, S, Mn, Ca, Na, Sb, W, SER: K, Sb, Rb, Ba 
mica-rich: K, Cs, Ni, REE Sb, Rb , Ba, Co, U, CO" (REE) CHL, TC: Mg, H,O 
Rb , Ba? Ni 

Losses feldspar-rich: K, Cs, Mg, Ca, K, Cs, Fe, Na, Br Ca, Na, Br, As Ca, Cs, La, U Fe, Mg, K, Br, S, Si , Mn, Mg, Ca, 
Rb, Ba ? Rb , Ba Cu, Co, H,O, (Si, Na, P, S, As , U, 
mica-rich: Na? Sc) CO, 

Volume change ±O% ? ? ±O% ±O% ±O% -7 - ±O% -25 - ±O% 

T 6O-150°C? >330°C ~330°C 270-325°C ca. 306°C? 306°C 295°C 

P low <0 .5 kb <0.5 kb <0 .5 kb low low low 

im moderate? reducing reducing reducing reducing dominantly high moderate? 

km low very low very low very low low moderate - high low 

pH weaklyacid acid acid acid near neutral - near neutral distinctly acid 
mildlyacid 

Fluid sediment pore fluid evolved sea evolved sea evolved sea water evolved sea water evolved sea water + evolved 
± sea water ± water water + sediment- magmatic and/or hydrothermal fluid ± 
evaporite-derived derived K-rich sediment-derived CO, fresh sea water ? 
fluid fluid? 

Abbreviations: CHL = chloritization, SER = sericitization, TC = talc formation. Ab = albite, Act = actinolite, Ap = apatite, Bt = biotite, ChI = chlorite, Cp = chalcopyrite, 
Crb = carbonate, Ep = epidote, Hm = haematite, Mgt = magnetite, Qz = quanz, Py = pyrite, Rt = rutile, Ser = sericite, Sp = sphene, Tc = talc. 
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Table 36. Alteration conditions at Isolaki , in chronological order from left to right. 

I Alteration type I Amphibole (diabase) Chlorite (diabase) Biotite (d iabase) Carbonate - albite - sericite 

Mineral association Act +Ep+ Ab + Mgt + Sp Chl + Ab + Mgt+Sp+Qz ± AC1, Bt+Ab+Qz+Mgt Ab+Crb+Qz+Mgt ± Ser, Rt, Hm 
Bt 

Alteration style thorough selective thorough or selective lhorough or seleclive 

Brecciation grade moderate moderate - intensive moderate - intensive weak - intensive 

Fracture fill Act , Ep , Ab , Qz ChI, Qz, Bt, Py, Cp Bt, Qz, Py Crb, Qz, Py 

Gains (Na, H,O ?) H,O, (Mg, S ?) Fe, K, S, Cs , Rb, Ba, H,O ? OB: Mn, Ca, K, Cr, CO, 
QZT: Mn, Mg, Ca, Na, CO" Ti (?) 

Losses (K, Cs, Rb , Ba ?) Ca, Na, K, Cs, Rb, Ba, Cu ? Ca, Na? OB : Na, U, H,O 
QZT: Si, Fe, K ? 

Volume change ±O % ? ? ? > +50 % 

T >310°C 310-330°C ? very low ? 

p < 0 .5 kb < 0.5 kb low low? 

102 reducing reducing ? fl uctuating: moderate - high 

Ic02 very low very low low moderate - high 

pH acid acid near neutral - mildly acid near neutral - mildly a1kaline 

Fluid evolved sea water evolved sea water evolved sea water + sediment· deep magmatic, metamorphic and/or 
derived K-rich fl uid? sedimentary, containing CO, ± K 

Abbreviations: OB: albite diabase, QZT: quanzite. Ab = albite, Act = actinolite, Bt = biotite, Chi = chlorite, Cp = chalcopyrite, Crb = carbonate, Ep = epidote, 
Hm = haematite, Mgt = magneti te, Qz = quanz, Py = pyrite, Rt = rutile, Ser = sericite, Sp = sphene. 
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Table 37. Alteration conditions at Palovaara , in chronological order from left to right. 

I Alteration type Je albitization Amphibole Chlorite - talc Biotite Carbonate - albite Sericite - pyrite 
(ultramafic rocks) 

Mineral association Qz + Ab+Rt Act+Chl+ UM: Tc+Chl+Mgt ± Bt+Chl+Ab+Qz Ab+Crb+Qz+Rt Ser+Qz+Rt 
± Ser Bt+Ab+Mgt ± Srp +Mgt ± Ser, Hm ± Py, Ab, Crb 

Ab MA: Chl+Ab+Mgt+Qz 
LP: 
Bt+Chl+Ab+Qz+Mgt 

Alteration style thorough thorough thorough selective thorough or selective thorough or selective 

Brecciation grade very weak weak weak - intensive nil moderate - intensive moderate - intensive 

Fracture fill Qz, Ab Act, Ab Qz, Ab , Chl, Py, Cp - Crb, Qz, Hm, Py Ser, Py, Qz, Cp 

Gains leldspar-rich: Na ? Na , H,O Mg, Na, S, H,O Mn, Mg, K, S, Mn, Ca, Na, CO, (S, Mn, K, S, As, Rb, 
mica-rich : K, Cs , Rb , Ba Cs , Rb, Cu, H,O Cu) Ba, Co, U, H,O 
? 

Losses feldspar-rich: Na? Mg, Ca, K? Fe, Ca, K, Cs, Rb , Ba ? Na, Sb, (Si ?) Fe, Mg, K, As, Cs , Na, CO" (Fe , Mg, 
mica-rich: K, Cs, Rb , Ba Rb , Ba, Cu, Co, Ni, Ni, La, Sc ?) 
? Hp 

Volume change ±O % ? ? ? ±O% -5 - +15% -10 - +20% ? 

T 60-150 °C? ;,,300°C 300-330 °C ? ? ? 

P low <0.5 kb ? <0.5 kb ? low low low 

Im ? reducing reducing reducing predominantly high reducing 

Ic02 low low low low moderate - high low (- moderate) 

pH weakly acid acid weakly acid ? near neutral - near neutral distinctly acid 
mildlyacid 

Fluid sediment pore fluid ± sea evol ved sea water evolved sea water evolved sea water evolved sea water + evolved hydrothermal 
water ± evaporite + sed iment- magmatic and/or fluid ? 
derived- fluid derived K-rich sediment -derived CO, 

fluid ? 

Abbreviations: LP = lamprophyre, MA = albite diabase, mafic lava and tuffite, UM = ultramafic rock . Ab = albite, Act = actinolite, Bt = biotite, Chi = chlorite, Cp = 
chalcopyrite, Crb = carbonate, Hm = haematite, Mgt = magnetite, Qz = quartz, Py = pyrite , Rt = rutile, Ser = sericite, Sp = sphene, Srp = serpentine, 
Tc = talc. 
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Diagenesis 

Most of the Middle Lapponian clastic sedi 
ments , even in the upper parts of the sediment 
pile, were thorou ghly albitized during the dia
genesis - before the Upper Lapponian magma
tism - in the high he at flow regime that pre
va iled in the rift. Pore fluid of sea water and 
evaporite origin was an esse ntial source of 
sodium, and the fine-grained, clayey beds 
bound the liberated potassium wh il e donating 
additional Na for the albite (Fig . 61). The al-

teration temperature was 60-150°C, pressure 
<0.5 kb , f

C02 
low and the fluid weakly acid, 

very much like the s ituation in modern diage
netic albitizing systems (Boles 1982, Ko and 
Hesse 1987 , Milliken 1988 and 1990, Aagaard 
et al. 1990). Any provenance information origi
nally contained in the feldspars of the Lappo
nian sediments was completely lost upon dia
genetic albitization at the sites. 

Sea water 

Na 
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Fig. 61. Simplified model for diagenetic albitization of the Middle Lapponian sediment pile 
in the CLGB. 

Lamprophyre magmatism 

It is probable that the Upper Lapponian 
magmatic activity in the CLGB rift zone may 
ha ve started with alkaline magmatism, as mani 
fes ted by the presence of several lamprophyre 
dykes . In the absence of any radiometrie date 
or contact relationships, even the relative age 
of the lamprophyre dykes remains open to dis
cussion. In any case, the Middle Lapponian 

sediments were already consolidated when the 
lamprophyre magma intruded into them. 

It remains unreso lved here whether there was 
any alteration related to the lamp roph yre mag
ma ti sm. Small hydro thermal systems could 
have been connected with the lamproph yre 
dykes, usin g the lamprophyres as their heat 
source . This is indicated by the bleached haloes 
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around some of the lamprophyre dykes (Figs. 
I land 21, p. 29 and 37). These al terations 
could also be related to the tholeiitic magma

tism , however, implying that the fractured lam

prophyre dykes and their wall rocks merely 
formed good flow paths for fluids and were thus 

sensitive to alteration. The latter interpretation 
is supported by the lack of any petrographical 

or chemical difference in carbonation + albiti

zation between the areas around the lampro

phyre and albite diabase dykes. 

Tholeiitic magmatism 

Continued rifting ca. 2.2 Ga aga caused deep 
fractures in the crust, and substantial hypabyss
al tholeiitic magmatism occurred in the central 
part of the CLGB (Kallio 1980, Tyrväinen 1983 , 
Ward et al. 1989, Lehtonen et al. 1992) . Great 
masses of magma solidified as dykes and sills 

in the sediment piles . The upper Lapponian 
tholeiitic and komatiitic volcanic rocks were 

extruded under submarine conditions, covering 
the rift sediments and dykes. The chemical and 
petrographical s imilarity and contact relation
ships between the volcanic rocks and dykes 
imply their contemporaneity and comagma
tism , though no reliable radiometrie age deter
minations exist for the volcanic rocks. 

Magma intrusions caused additional breccia

tion and fracturing in the consolidated sedi
ments, and the pore fluids of the country rocks, 
sea water and magmatic fluid s were easily able 
to flow along these fracture zones. The hot, 
slowly cooling diabase and lava masses heated 
their wall rocks and the fluid s, so that fractures 
were formed in the dykes and lava f10w s during 
cooling, bringing the fluid s into direct interac
tion with the igneous bodi es along these frac

tures. Penetration of the fluids into the sti ll hot 

rocks further increased the brecciation grade, 
and the extensive hydrothermal systems dem on
strated in Figure 62 were formed in the green
stone belt. 

A sea water-dominated hydro thermal fluid of 

low pH and Eh and having a ve ry low f C02 and 

hi gh aN,/a
K

+ predominated in the lava and dyke 
units, and loca lly in the pyroclastites. Because 

of the mafic composition of the rocks , sp ilitic 

alteration assemblages were formed (Fig. 62) 
with a zonation chiefly dependin g on the wir 
of the system: yielding amphibole-do minated 
(Iow wir) and chlorite-dominated (high wir) 

zones (Seyfried and Bischoff 1981 , Mottl 1983a, 
Reed 1983 , Lonker 1993) . The Fe/(Fe + M g) 

relationships between chlorite and whole rock 
indicate an equilibrium between the fluid and 

rock during chloritization. Inte nsive epidotiza
tion took place locally at Honkavaara in a low 
wir but high Ca enrichment regime. The tem
perature of the hydrothermal system was 

270°C, probably 300-430°C in con nection 
with amphibole alteration and epidotization, 

and 270-360°C in connection with chloritiza
tion . The prevailing pressure was sO.5 kb. 

An exchange of elements between igneous 
and sedimentm'y rocks took place in the hydro
thermal system (F ig . 62) , as i ndicated by the 
biotitizat ion of the igneous rocks , chiefly near 
their contacts with sediments. Biotitization fol
lowed the spiliti zation of these zones, but took 

place before carbonation + albitization. [t s 
greatest chemical effect was the K-metasoma
tism of the tholeiites , as their K content in
creased ten-fold in several zones . The most 

probabl e origin for the K is the K-rich , fine
grained sediments intruded by the dykes, as it 
is improbable that the origina ll y K-poor tholei
ites could have been able to supply enough K 

to the hydrothermal system. The conditions 
during biotitization were roughly the same as 

during spi I i tization, except that the aNja
K

+ was 
lower and pH higher in the fluid. 

The main erfect of the synmagmat ic hydro-
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Fig. 62. Simpli ried model for a dyke-related hydrothermal system in a steady state. Analogoll s e lement exchange to the shown 
to the right of the amphibole zone also takes plaee in the alteration zones above and to the left of it. Serieiti zatio n is only shown 
at some distanee fro m the dyke , bllt w ill also have take n place at a later stage in so me parts o r the earbonated zones, poss ibly 
with chl oriti La ti on or tale rormation. 

thermal sys te m on the country rocks of the 

lavas and dykes was carbonation and inte nsive 
a lbitization. The reason for the high intensity 
of carbonation was most probably the hi gh pH 
and the good availability of CO

2 
in the sedi

ments. Smaller amounts of CO
2 

may have co me 

from the magmatic fluids. A high a:-.:a/aK + was 
required for a lbitization and most of the addi
tional Na needed came from the sea water 
which f10wed into the hydro thermal sys tem , 
but some may have come from the biotitizing 
zo nes and from the pore fluid of the sediments 

(Fig. 62) . 
The pH of the carbonating and albitizing 

sys tem was near neutral or mildl y a lkaline , a nd 

its I c02 was high. 102 varied significantly , but it 
was mainly at a high level. The chemical 
changes related to the carbonation and inten

s ive albitization of the sediments and tuffites 
were la rge, and most elements were mobilized , 

even the REE. A number of components had the 
opposite trends during carbonation and albiti
zation from those that occurred in biotitization 
(Ca, Na, K , Cs, Rb and Ba) or spilitization (Mg, 
Fe a nd Ca and vo latiles). Thi upports the 

hypothesis that the spilitization and biotitiza
tion of the igneous rocks and the carbonation 
and albitization of the wall rocks took place in 
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one hydrothermal system and were contempo

raneous. 
Carbonation and albitization took place in 

the igneous rocks after spilitic alterations and 
biotitization. During the evolution of the dyke
heated hydrothermal system, the zones of high
er pH expanded and covered the most markedly 

brecciated zones and the margi nal zones of the 
igneous rocks, thus making carbonate precipi
tation possible. Carbonate geothermometry 
(306-384°C) suggests that the temperature in 

the hydrothermal system was not significantly 
lower than during the spilitic chloritization of 
the igneous rocks. 

A substantial H+ release and Jowering of aNjaK+ 
was related to carbonation and albitization , so 
that a lowering of the pH and serici tization of 

the carbonates soon followed. Sericitization 

also indicates a low j~m' a Mg2)aK+, aCa2)a K+, and 
aNjall+ and a moderate aK)a ll+ in the fluid. f m 
and f

52 
fluctuations are indicated by the forma

tion of magnetite or pyrite. f
S2 

was relatively 
high only at Palovaara, where significant pyri -

tization was associated with the sericitization. 

Boiling may have been related to the most in
tensive sericitization and pyritization in Pal

ovaara, causing a lower pH than at the other 
sites. 

pH was a little higher locally and the activity 
of Mg2+ significantly higher, as Mg-c hlorite or 

tale was precipitated instead of sericite. The 
Fe/(Fe + Mg) relationships between the chlorite 
and whole rock indicate that disequilibrium 

between the fluid and rock prevailed during the 

alteration stage. The equilibrium was only at
tained in the most markedly brecciated silt
stone at Myllyvaara. The local Mg enrichments 
(Mg chlorite and tale) require a Mg-rich fluid, 

suggesting that the hydrothermal fluid that 

evolved was mixed with fresh sea water in 
pi aces in the upflow zones of the hydrothermal 

system. The related chlorites were formed at 
temperatures of approx. 270-340°C , a range 
which fits weil with spilitization and also sup
ports the e10se association of sericitization with 
the synmagmatic hydrothermal system. 

Felsic dykes 

Felsic dykes were intruded at the Sivak
kavaara site after the cooling and cessation of 

the albite diabase-related hydrothermal system. 
Small-scale albitization , carbonation and seri
citization took place at dyke-wall rock contacts 
and in other fractured zones , but the interiors 

of the dykes remained virtually unaltered. The 
alterations indicate similar P-T and chemical 

conditions to those related to carbonation and 
sericitization combined with the diabase-relat
ed hydrothermal systems. 

Alteration related to fracture zones 

The texture and petrography of the carbonat
ed and albitized fracture zones of Isolaki e1ose
Iy resemble the corresponding zones at the 
other si tes, except that the sediments are not 
albitized at all outside the fracture zone and the 
alteration zone is connected with both diabase-

sediment and conglomerate-quartzite contacts. 
In addition, carbonation and albitization of the 
sediments was not possible within the synmag
matic hydrothermal system which spiliti zed the 
albite diabase , but took place later, because the 

sediments are at least 200 Ma younger than the 



diabase. 

The alteration III the sedi ments most pro ba

bly took place in a long-Jived hydrothermal 

system related to the fracture zones. The origin 

of the carbonating and albitizing fluid remains 
unresolved , as roughly all fluid sources and 
their combinations are possible. In any case, 
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the aNa/a K+ of the fluid was high, a
Ca2

+ and j~02 
moderate or high , and its pH alkali ne or near 

neutral. The alteration probably took place 

during the Svecokareli a n orogeny 1.9-1.8 Ga 
ago, and the synorogenic plutonism formed the 
heat SOUlTe for the hydrothermal system. 

Effects of regional metamorphism 

Regional metamorphi sm with ductile defor
mat ion took place after the hydrothermal 
alterations at each site except Isolaki . Although 
it caused partial recry stalli za tion of the sheet 
si licates in places , a good foliation was rarely 

formed. In addition , partial recrystalli zation 
took place in the diabases, lavas and sediments. 

The most common products being actinolitic 

hornblende to replace tremolite-actinolite and 
biotite , and metamorphic biotite to replace 
chlorite, magmatic biotite and hydrothermal 
biotite. The recrystallizations did not signifi
cantly destroy the textures, mineral associa

tions, chemical gradients and zonations caused 
by the hydrothermal a lterations, however. 

Adinoles of the Central Lapland greenstone belt 

As mentioned in the introduction, the use of 
the term adinole has been popular in research 

concerning the greenstone belts of northern 
Finland. In the central parts of the CLGB, rocks 
that can be called adinoles sensu stric lo 
(Rosen busch 1923) evidently exist at several 

sites, but do necessarily not cover particularl y 
wide areas. Only the inten sively albitized ± 
carbonated sediments in direct contact with the 
albite diabase dykes are undoubtedly true adi

noles, and most of the other altered rock types 

are not. The bleached diabases are by definition 
not adinoles, though they were formed in the 

same hydrotherma l systems which formed the 
true adinoles, ne ither are most of the pa le 

Middle Lapponian sediments adinoles, because 
they were only albitized during diagenesis, nor 

can the rocks which were altered in fracture 
zone-related processes, such as the albitized 

and carbonated sediments of Isolaki , be consid
ered adinoles. 
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Appendix 1. Composition of amphiboles. Early type = hydrothermal amphibole, late type = regional metamorphic 

amphibole. Formulae calculated using the RECALC-program (PoweIl and Holland 1988). 

Studyarea Eksymäselkä Lehtovaara 

Samplt 11 8-1 1036-3 053-11 

Rock Albite diabase Albite diabase Albite diabase 

Type early early late late late late late late early early early early early early 

Si02 50.57 49.04 38.55 39.99 38.27 39.67 43.20 53.65 52.20 54.25 52.53 52.25 53.1 1 54.63 

Ti02 0. 18 0.20 0.28 1.74 0.27 0.3 1 0.8 1 0.07 0. 13 0.06 0.05 0. 11 0.05 0.03 

AI203 2.38 2.7 1 14.59 11.2 1 12.57 15.80 10.1 3 3.85 1.88 1.78 1.79 2.33 2.65 1.42 

FeO 19.48 20.86 26.24 25.39 28.24 22.27 20.68 14.56 9.85 10.78 11.41 12.88 10.54 10.56 

MnO 0.40 0.37 0.32 0.27 0.28 0.16 0.24 0. 16 0. 15 0. 16 0.11 0. 12 0. 14 0.15 

MgO 10.46 10.25 3.92 4.80 3.08 6.55 7.96 14.07 17.66 17.83 16.59 16. 10 16.31 17.17 

CaO 12.20 12, 11 11.59 12.38 11.44 12.33 12. 12 12.49 12.91 13.39 13.35 12.07 12.91 13.23 

Na20 0.26 0.36 1.36 1.22 1.60 1.29 1.53 0.42 0.24 0.19 0.19 0.25 0.29 0.24 

K20 0.12 0.20 0.77 0.74 1.05 0.52 0. 19 0.1 1 0.02 0.07 0.09 0.11 0.15 0.05 

F 0.08 0.00 0.06 0.05 0.00 0.05 0.00 0.00 n.a. n.a. n.a. n.a. n. a. n. a. 

CI 0.11 0.20 1.17 1.39 2. 19 0.84 1.3 1 0.07 n.a. n.a. n.a. n.a. n.a. n.a. 

sum 96.24 96.30 98.85 99. 18 98.99 99.79 98.17 99.45 95.04 98.51 96.11 96.22 96.15 97.48 

Tel. Si 7.63 7.47 6.02 6.23 6. 12 5.99 6.59 7.60 7.63 7.67 7.65 7.62 7.68 7.78 

AI 0.37 0.49 1.98 1.77 1.88 2.02 1.4 1 0.40 0.32 0.30 0.31 0.38 0.32 0.22 

Oct AI 0.05 0.00 0.71 0.29 0.49 0.79 0.4 1 0.25 0.00 0.00 0.00 0.02 0.13 0.02 

(M I-3) Ti 0.02 0.02 0.03 0.20 0.03 0.04 0.09 0.01 0.01 0.0 1 0.01 0.0 1 0.01 0.00 

Fe3+ 0.37 0.40 0.51 0.50 0.57 0.42 0.40 0.26 0.18 0. 19 0.21 0.24 0.19 0.19 

Fe2+ 2.09 2.26 2.9 1 2.81 3.2 1 2.39 2.24 1.47 1.02 1.08 1.18 1.34 1.08 1.07 

Mg 2.35 2.33 0.9 1 1.12 0.73 1.47 1.81 2.97 3.85 3.76 3.60 3.50 3.51 3.65 

Mn 0.05 0.05 0.04 0.04 0.04 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02 

M4 Ca 1.97 1.98 1.94 2.07 1.96 1.99 1.98 1.90 2.02 2.03 2.08 1.89 2.00 2.02 

Na 0.03 0.02 0.06 0.00 0.01 0.07 0.02 0.10 0.0 1 0.0 1 0.00 0.01 0.00 0.00 

A Na 0.05 0.09 0.35 0.37 0.48 0.31 0.43 0.01 0.05 0.04 0.05 0.06 0.08 0.07 

K 0.02 0.04 0.15 0.15 0.21 0.10 0.04 0.02 0.00 0.01 0.02 0.02 0.03 0.01 

n.a. = not analysed. 

early 

54.06 

0.00 

1.1 8 

9.91 

0. 14 

18.18 

13.27 

0.19 

0.06 

n.a. 

n.a. 

96.99 

7.73 

0.20 

0.00 

0.00 

0.18 

1.01 

3.88 

0.02 

2.03 

0.01 

0.04 

0.01 
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Appendix I. Continued. 

Studyarea Myllyvaara Isolaki 

Sarnplf 056-13 056-1 4 059- 13 030-4 

Rock Larnprophyre Lamprophyre Larnprophyre Albite diabase 

Type late late late late late early early early early early early early early early late late 

Si02 52.47 55.06 53.67 53.82 54.45 54.77 54.60 53 .29 55.56 52.93 5 1.65 52.42 55.3 1 54.23 54.89 54. 15 

Ti02 0.66 0.57 0.49 0.76 0.75 0.04 0.09 0.03 0.02 0.08 0.16 0. 12 0.04 0. 11 0.02 0.22 

AI203 2.1 3 1.73 2.04 1.93 2.06 0.92 1.09 1.32 1.35 2.80 3.7 1 2.88 0.5 1 0.70 1.00 2.03 

FeO 10.45 8.47 7.26 8. 13 8.94 10.91 9.57 12.03 9.25 12.32 12.81 11.00 8.88 10.56 9.58 10.07 

MnO 0.09 0.07 0.05 0.07 0.08 0. 17 0.03 0.12 0.06 0.09 0.09 0.06 0.22 0. 18 0.26 0. 12 

MgO 18.04 18.89 17.86 18.94 18.68 17.90 18.1 4 16.71 19. 15 16.15 16.07 16.45 18.64 17.52 18.22 19.1 8 

CaO 11.63 12.00 12.07 10.35 10.79 12.89 12.44 11.l2 12.97 12.47 12.89 12.65 13.83 13.32 12.69 13.64 

Na20 0.92 0.82 0.90 l.ll 1.00 0.36 0.36 0.28 0.30 0.27 0.33 0.35 0.02 0.14 0.20 0.25 

K20 0.23 0.36 0.24 0.35 0.36 0.13 0.11 0.12 0.08 0.18 0.23 0.15 0.02 0.04 0.05 0.03 

F n.a. n.a. n.a. l1.a. n.a. 0.08 0.00 0.11 0.23 n.a. l1.a. l1.a. 0.00 0.00 0.00 0.00 

CI n.a. n.a. n.a. n.a. n.a. 0.01 0.01 0.01 0.02 n.a. n.a. n.a. 0.00 0.05 0.01 0.1 3 

surn 96.6297.9794.5895.4697.11 98.1896.4495 .1498.99 97.29 97.94 96.08 97.47 96.85 96.92 99.82 

Tet. Si 7.56 7.73 7.77 7.73 7.71 7.77 7.82 7.81 7.76 7.61 7.43 7.60 7.83 7.79 7.82 7.56 

AI 0.36 0.27 0.23 0.27 0.29 0.15 0.18 0.20 0.22 0.39 0.57 0.40 0.08 0.12 0.17 0.33 

Oe! Al 0.00 0.02 0.12 0.05 0.06 0.00 0.00 0.03 0.00 0.09 0.06 0.10 0.00 0.00 0.00 0.00 

(MI-3) Ti 0.07 0.06 0.05 0.08 0.08 0.00 0.01 0.00 0.00 0.01 0.02 0.01 0.00 0.01 0.00 0.02 

Fe3+ 0.19 0.15 0.13 0. 15 0.1 6 0.19 0. 17 0.22 0.16 0.22 0.23 0.20 0.16 0.19 0.17 0.18 

Fe2+ 1.07 0.85 0.75 0.83 0.90 1.10 0.97 1.25 0.92 1.26 1.31 1.13 0.89 1.08 0.97 1.00 

Mg 3.88 3.95 3.85 4.05 3.94 3.79 3.87 3.65 3.99 3.46 3.44 3.56 3.94 3.75 3.87 3.99 

Mn 0.01 0.01 0.0 1 0.01 0.01 0.02 0.00 0.02 0.01 0.01 0.01 0.01 0.03 0.02 0.03 0.01 

M4 Ca 1.80 1.81 1.87 1.59 1.64 1.96 1.91 1.75 1.94 1.92 1.99 1.97 2.10 2.05 1.94 2.04 

Na 0.04 0. 16 0. 13 0.24 0.22 0.02 0.07 0.08 0.0 1 0.04 0.02 0.03 0.00 0.01 0.05 0.04 

A Na 0.21 0.06 0.13 0.07 0.05 0.08 0.03 0.00 0.07 0.04 0.08 0.06 0.01 0.03 0.01 0.03 

K 0.04 0.07 0.04 0.06 0.07 0.02 0.02 0.02 0.0 1 0.03 0.04 0.03 0.00 0.0 1 0.01 0.01 

n.a. = not analysed. 
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Appendix I. Continued. 

Study· area Honkavaara 

Samplf 1044-2 1044-2 1044-16 

Rock Albite diabase Fels. volc. rock Albite diabase 

Type early early early early laIe laIe laIe laIe laIe laIe late laIe laIe laIe 

Si02 55 .09 55.72 54.86 55.76 46.22 47.57 43.65 44.66 39.53 38.71 38.26 40.21 41.63 38.40 

Ti02 0.01 0.00 0.00 0.00 0.90 0.93 0.46 0.95 0.32 0.19 0.30 0. 17 0.16 0.34 

AI203 0.83 0.62 1.28 0.82 5.6 1 5.46 8.60 6.89 11.64 14.44 14.74 14.68 14.97 14.95 

FeO 10.01 8.97 8.22 9.26 21.06 20.00 17.54 17.83 24.99 23.84 23 .2 1 22.50 22.96 22.60 

MnO 0.08 0.08 0.04 0.13 0.26 0.32 0.04 0.18 0.12 0.10 0.12 0. 19 0.21 0.11 

MgO 18.40 19.48 19.51 19.17 9.82 10.06 11.26 11.90 6.31 6.39 5.46 6.62 6.16 6.28 

CaO 13.59 13.36 13.08 12.37 11.05 11.45 12.42 11.43 11.27 11.94 11.1 0 11.97 10.84 10.94 

Na20 0.18 0.12 0.16 0.13 0.8 1 0.83 0.91 0.83 1.31 1.61 1.69 1.67 1.74 1.74 

K20 0.01 0.04 0.04 0.02 0.47 0.35 0.43 0.51 1.60 0.96 0.97 0.73 0.63 0.71 

F 0.19 0.15 0.23 0. 19 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

Cl 0.01 0.01 0.02 0.00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

sum 98.40 98 .55 97.44 97.85 96.20 96.97 95.31 95.18 97 .09 98.18 95.85 98.74 99.30 96.07 

Tel. Si 7.78 7.8 1 7.76 7.85 7.07 7.16 6.68 6.84 6.21 5.97 6.02 6.09 6.23 5.99 

AI 0.14 0. 10 0.21 0.14 0.93 0.84 1.32 1.16 1.79 2.04 1.98 1.9 1 1.77 2.0 1 

OcI Al 0.00 0.00 0.00 0.00 0.08 0. 13 0.23 0.08 0.36 0.59 0.75 0.7 1 0.87 0.74 

(MI-3) Ti 0.00 0.00 0.00 0.00 0.10 0.11 0.05 0.11 0.04 0.02 0.04 0.02 0.02 0.04 

Fe3+ 0.18 0.16 0.15 0.16 0.40 0.38 0.34 0.34 0.49 0.46 0.46 0.43 0.43 0.44 

Fe2+ 1.01 0.89 0.83 0.93 2.89 2.14 1.91 1.94 2.79 2.61 2.59 2.42 2.44 2.5 1 

Mg 3.87 4.07 4.11 4.02 2.24 2.26 2.57 2.72 1.48 1.47 1.28 1.50 1.37 1.46 

Mn 0.01 0.0 1 0.01 0.02 0.03 0.04 0.01 0.02 0.02 0.01 0.02 0.02 0.03 0.02 

M4 Ca 2.06 2.01 1.98 1.87 1.81 1.85 2.04 1.88 1.90 1.97 1.87 1.94 1.74 1.83 

Na 0.01 0.02 0.01 0.02 0.08 0.14 0.04 0.08 0.10 0.10 0.02 0.05 0.12 0. 12 

A Na 0.04 0.01 0.03 0.01 0.16 0.10 0.23 0.17 0.30 0.39 0.50 0.44 0.38 0.41 

K 0.00 0.01 0.01 0.00 0.09 0.07 0.08 0.10 0.32 0.19 0.20 0.14 0.12 0.14 

n.a. = not analysed. 
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Appendix 1. Continued. 

Studyarea Sivakkavaara Palovaara 

Sampie 035- 13 106- 1 2-9,00 

Rock Albite diabase Lamprophyre Ultramafic lava 

Type early late late early early early late 

Si02 54.33 43.09 43.83 54.02 54. 16 53.39 53 .26 

Ti02 0.02 1.25 1.06 0.00 0.00 0.08 0.04 

AI203 0.57 8.49 8.23 1.45 1.47 1.90 1.89 

FeO 13.56 25.62 23.9 1 9.91 1J .18 10.59 14.68 

MnO 0.36 0.29 0.36 0.23 0.27 0.2 1 0.22 

MgO 16. 18 6.68 7.92 16.63 17.53 17.78 16.46 

CaO 13.02 11.45 11.42 13.00 13.4 1 12.46 12.7 1 

Na20 0. 18 1.32 1.1 2 0.24 0.1 5 0.19 0.12 

K20 0.09 0.95 1. 12 0.06 0.08 0.05 0.05 

F 0.20 0.00 0.00 0.06 0.24 0.0 1 0.00 

CI 0.8 1 1.1 4 1.72 0.00 0.00 0.02 0.00 

sum 99.32 100.28 100.69 95.60 98 .49 96.68 99.43 

Tet. Si 7.79 6.59 6.66 7.83 7.70 7.67 7.58 

AI 0.10 1.41 1.34 0. 17 0.25 0.32 0.17 

Oct AI 0.00 0.1 2 0. 13 0.08 0.00 0.00 0.00 

(MI-3) Ti 0.00 0.14 0.12 0.00 0.00 0.0 1 0.00 

Fe3+ 0.24 0.49 0.46 0. 18 0.20 0. 19 0.26 

Fe2+ 1.38 2.78 2.58 1.02 1.1 3 1.08 1.49 

Mg 3.46 1.52 1.79 3.59 3.71 3.8 1 3.29 

Mn 0.04 0.04 0.05 0.03 0.03 0.03 0.03 

M4 Ca 2.00 1.88 1.86 2.02 2.04 1.92 1.94 

Na 0.02 0.07 0.06 0.00 0.01 0.02 0.03 

A Na 0.03 0.33 0.27 0.07 0.03 0.03 0.00 

K 0.02 0. 19 0.22 0.0 1 0.02 0.01 0.0 1 

n.a. = not analysed. 
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Appendix 2. Composition of chlorites. Fonnulae calculated using the RECALC-program (Po weil and Holland 1988). 

Temperature Tc calculatd after Cathelineau (1988) and temperature Tl< after Kranidiotis and MacLean (1987). 

No addition of 50° on the Tk temperatures of "AI-undersaturated" ultramafies was made. 

Eksymäselkä 

Sampl 40-13 118-1 033-9 036-2 

Rock albite diabase albite ultramafic differentiate Fe-tholeiitic lava 

diabase of albite diabase 

Type early early early early 

Si02 25.50 26.01 25.93 26.24 26.13 25.35 24.15 24.69 28.83 28.46 29.73 28.91 27.07 26.28 27. 11 27.41 

Ti02 0.07 0.11 0.04 0.08 0.07 0.07 0.00 0.05 0.08 0.02 0.06 0.02 0.03 0.07 0.03 0.00 

AI203 21.23 21.07 21.98 22.09 22.03 2 1.07 20.48 20. 11 18.61 18.50 18.08 19.49 21.38 21.44 20.29 21.32 

FeO 23 .55 24.43 24.40 24.65 24.46 24.22 31.93 32.24 15.97 15. 12 16.05 15.54 20.17 20.44 20.03 20. 16 

MnO 0.16 0.20 0.24 0.19 0.21 0.15 0.31 0.29 0.08 0.07 0.08 0.06 0.10 0.05 0.02 0.06 

MgO 16.76 15.46 17.16 17.28 16.86 17.34 11.77 11.96 23.01 22.92 23.05 22.62 21.18 20.56 20.70 21.04 

CaO 0.06 0.02 0.04 0.02 0.05 0.03 0.03 0.00 0.05 0.06 0.04 0.01 0.0 1 0.0 1 0.02 0.05 

Na20 0.01 0.02 0.04 0.05 0.03 0.02 0. 11 0.08 0.00 0.01 0.00 0.01 0.05 0.0 1 0.00 0.02 

K20 0.01 0.13 0.01 0.09 0.05 0.05 0.04 0.01 0.09 0.00 0.08 0.03 0.0 1 0.05 0.01 0.04 
F 0.09 0.00 0.06 0.13 0.08 0.04 0.00 0.03 n.a. n.a. n.a. n.a. 0.11 0. 15 0.38 0.00 

CI 0.08 0.15 0.07 0.09 0.07 0.09 0.11 0.09 n.a. n.a. n.a. n.a. 0.02 0.02 0.05 0.05 

sum 87.35 87.45 89.84 90.69 89.89 88.30 88 .82 89.43 86.72 85. 16 87.17 86.69 90.00 88.91 88.2 1 90. 10 

Si 5.29 5.40 5.24 5.25 5.27 5.22 5.15 5.23 5.79 5.79 5.93 5.78 5.34 5.27 5.46 5.40 

AI[iv] 2.71 2.60 2.76 2.75 2.73 2.78 2.84 2.77 2.22 2.21 2.07 2.22 2.66 2.73 2.54 2.60 

AI[vi] 2.48 2.57 2.47 2.47 2.52 2.34 2.31 2.26 2. 19 2.23 2.18 2.37 2.32 2.33 2.28 2.35 

Ti 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.0 1 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 

Fe3+ 0.61 0.64 0.62 0.62 0.62 0.63 0.85 0.86 0.40 0.39 0.40 0.39 0.50 0.51 0.5 1 0.50 

Fe2+ 3.46 3.61 3.50 3.51 3.51 3.55 4.84 4.86 2.28 2.19 2.27 2.21 2.83 2.91 2.87 2.82 

Mg 5.18 4.79 5.17 5. 16 5.07 5.32 3.74 3.78 6.88 6.95 6.85 6.74 6.23 6. 14 6.2 1 6. 18 

Mn 0.03 0.04 0.04 0.03 0.04 0.03 0.06 0.05 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01 

Ca 0.01 0.00 0.01 0.00 0.01 0.01 0.0 1 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.0 1 

Na 0.00 0.01 0.02 0.02 0.01 0.01 0.05 0.03 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.0 1 

K 0.00 0.03 0.00 0.02 0.01 0.0 1 0.01 0.00 0.02 0.00 0.02 0.01 0.00 0.01 0.00 0.0 1 

Tc/oC 374 357 382 381 378 386 395 384 295 294 271 295 366 378 347 357 

TkioC 349 339 354 353 351 356 373 366 284 282 268 284 336 344 324 330 

n.a. = nOl analysed 
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Appendix 2. Continued. 

Eksymäselkä Myllyvaara 

Sampie 040-55 036-3 056-30 057-24 059-1 059-5 

Rock ultramafic Siltstone Siltstone Siltstone Quartzite lamprophyre 

differentiate 

of diabase 

Type early carb->a1bite carb->chlorite carb->chlorite late late 

Si02 30.65 31.59 30.12 29.95 29.72 29.47 29.48 30.08 30.29 28.50 29.30 27.54 28.73 29.49 29.34 29.28 

Ti02 0. 10 0.01 0.00 0.04 0.02 0.04 0.02 0.01 0.06 0.00 0.02 0.06 0.04 0.13 0.09 0.01 

AI203 17.57 15.43 21.46 21.86 20.90 2 1.42 20.90 21.79 20.68 18.91 20.14 20.59 20.44 19.96 19.57 20.43 

FeO 9.49 9.02 5.92 7.36 7.89 8.63 7.48 6.04 5.70 13.89 13.23 14.45 13.45 13.04 12.42 13.89 

MnO 0.07 0.05 0.01 0.04 0.03 0.00 0.00 0.00 0.01 0.04 0.02 0.03 0.02 0.04 0.01 0.06 

MgO 26.85 27.23 29.25 27.37 28. 14 25.96 28.35 28.94 30. 15 25 .56 24.58 23.66 23.62 25.82 25.30 25.81 

CaO 0.04 0.00 0.01 0.03 0.00 0.04 0.03 0.00 0.00 0.03 0.02 0.02 0.03 0.08 0.05 0.03 

Na20 0.02 0.0 1 0.03 0. 17 0.00 0.01 0.01 0.00 0.00 0.03 0.00 0.03 0.02 0.03 0.02 0.03 

K20 0.05 0.03 0.00 0.01 0.00 0.00 0.01 0.05 0.02 0.05 0.04 0.03 0.02 0.00 0.01 0.02 
F n. a. n.a. 0.00 0.21 0.00 0.23 0.06 o.li 0.32 0.40 0.24 0.35 0. 17 0.17 0.09 0.22 

CI n.a. n.a. 0.0 1 0.03 0.0 1 0.03 0.00 0.02 0.01 0.02 0.00 0.00 0.03 0.03 0.0 1 0.03 

sum 84.84 83.37 86.80 86.83 86.70 85.57 86.28 86.91 86.91 87.00 87 .35 86.40 86.37 88.59 86.81 89.56 

Si 6.08 6.35 5.73 5.73 5.72 5.76 5.69 5.72 5.76 5.65 5.74 5.51 5.70 5.70 5.77 5.62 

AI[iv] 1.92 1.65 2.27 2.27 2.28 2.24 2.31 2.28 2.24 2.35 2.26 2.49 2.30 2.30 2.23 2.38 

AI[vi] 2. 18 2.01 2.54 2.67 2.46 2.69 2.45 2.60 2.39 2.08 2.40 2.37 2.49 2.25 2.31 2.25 

Ti 0.0 1 0.00 0.00 0.01 0.00 0.0 1 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.02 0.01 0.00 

Fe3+ 0.24 0.23 0. 14 0.18 0.19 0.21 0. 18 0.14 0.14 0.35 0.33 0.36 0.33 0.32 0.31 0.33 

Fe2+ 1.34 1.29 0.80 1.00 1.08 1.20 1.03 0.82 0.77 1.96 1.84 2.06 1.90 1.79 1.74 1.90 

Mg 7.94 8. 16 8.29 7.81 8.07 7.56 8.16 8.20 8.54 7.56 7.18 7.06 6.99 7.44 7.4 1 7.39 

Mn 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.0 1 

Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.0 1 

Na 0.01 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.0 1 0.01 0.01 0.01 

K 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.0 1 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 

Tc/oC 247 204 304 304 305 299 310 305 299 316 302 339 308 308 297 32 1 

Tk/oC 24 1 21 1 271 274 276 274 278 272 267 293 284 310 289 287 279 296 

n.a. = not analysed 



Appendix 2/3 Geologi eal Survey or Finlancl , Bulletin 374 

Appendix 2. Continued. 

Lehtovaara Honkavaara 

Sampie 053-11 054-1 1036-3 036-4 40-39 1044-17 

Rock albite diabase albite diabase albite albite diabase albite felsic volcanic 

diabase diabase rock 

Type early carb->chlorite early early early carb->chlorite 

Si02 26.13 26.79 26.37 25.66 24.87 26.31 25.90 24.91 26.13 26.66 26.54 29.58 29.22 27.67 28.72 28.05 

Ti02 0.10 0.09 0.06 0.08 0.05 0.03 0.02 0.05 0.10 0.06 0.03 0.03 0.04 0.05 0.05 0.07 

A1203 22.47 22.51 21.51 23.08 22.11 22.81 22.45 21.99 21.75 21.71 21.68 18.72 18.90 21.25 20.38 20.24 

FeO 18.57 17 .87 17 .78 18.68 18.24 17.73 24.58 17. 11 17.34 16.55 16.75 16.46 16.68 13.35 13.66 13.74 

MnO 0.17 0.15 0.16 0.08 0.08 0.03 0.19 0.07 0.02 0.04 0.00 0.04 0.06 0.04 0.02 0.00 

MgO 21.31 21.01 21.71 21.56 19.57 20.29 16.74 20.73 21.56 21.94 21.46 24.26 24.48 25.13 24.25 24.73 

CaO 0.06 0.04 0.12 0.17 0.27 0.05 0.06 0.03 0.01 0.01 0.00 0.02 0.02 0.13 0.13 0.1 2 

Na20 0.03 0.00 0.04 0.04 0.01 0.01 0.04 0.03 0.04 0.08 0.00 0.01 0.02 0.08 0.04 0.03 

K20 0.02 0.02 0.04 0.01 0.09 0.00 0.02 0.18 0.05 0.01 0.04 0.00 0.00 0.03 0.06 0.04 
F 0. 13 0.02 0.07 0.00 0.00 0.00 0.0 1 0.16 0.24 0.15 0.05 0.43 0.33 0.22 0.00 0.1 6 

CI 0.04 0.03 0.04 0.03 0.04 0.05 0.02 0.04 0.02 0.02 0.03 0.06 0.04 0.04 0.03 0.02 

sum 88.86 88.48 87.79 89.36 85.29 87.26 90.00 85.10 87.00 87.06 86.50 89.12 89.42 87.73 87.31 87.02 

Si 5.19 5.32 5.29 5.08 5.16 5.29 5.22 5.16 5.28 5.35 5.36 5.78 5.70 5.43 5.65 5.55 

AI(iv] 2.80 2.68 2.71 2.92 2.84 2.71 2.78 2.84 2.72 2.65 2.64 2.22 2.30 2.57 2.34 2.44 

AI(vi] 2.46 2.58 2.38 2.46 2.57 2.70 2.56 2.52 2.45 2.49 2.53 2.09 2.05 2.34 2.38 2.28 

Ti 0.01 0.01 0.01 0.02 0.02 0.01 0.00 0.01 0.02 0.01 0.00 0.00 0.01 0.01 0.01 0.01 

Fe3+ 0.46 0.44 0.45 0.46 0.47 0.45 0.62 0.44 0.44 0.42 0.42 0.40 0.4 1 0.33 0.34 0.34 

Fe2+ 2.62 2.52 2.54 2.63 2.69 2.53 3.52 2.52 2.49 2.36 2.41 2.29 2.31 1.86 1.91 1.93 

Mg 6.31 6.21 6.49 6.36 6.05 6.08 5.03 6.39 6.49 6.56 6.46 7.06 7. 12 7.35 7.12 7.30 

Mn 0.03 0.03 0.03 0.0 1 0.01 0.01 0.03 0.0 1 0.00 0.01 0.00 0.01 0.0 1 0.01 0.00 0.00 

Ca 0.01 0.01 0.02 0.02 0.03 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.02 

Na 0.01 0.00 0.02 0.01 0.00 0.00 0.02 0.01 0.02 0.03 0.00 0.00 0.01 0.03 0.02 0.01 

K 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.05 0.0 1 0.00 0.01 0.00 0.00 0.01 0.02 0.01 

Te/oC 389 370 374 408 395 374 386 395 376 365 363 295 308 352 315 331 

TkioC 349 336 339 362 355 340 357 353 339 331 330 283 292 316 293 303 

n.a. = not analysed 
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Sivakkavaara 

Sampie 035-13 035-26 100-1 106-1 

Rock albite mafic tuffite lamprophyre lampro-

diabase phyre 

Type early early carb- > chlorite early 

Si02 27 .02 27 .31 29.14 29.02 30.22 30.08 27 .66 28 .53 27 .52 27 .72 27 .60 27.43 27 .75 

Ti02 0.05 0.06 0.03 0 .02 0.02 0.03 0.03 0.04 0.05 0 .05 0.05 0.05 0.01 

Al203 21.79 21.51 20.08 21.77 19.10 18.26 20.37 17.92 23 .31 22.95 21.31 22 .57 21.69 

FeO 20 .70 20 .66 12.61 12.92 11.09 11.98 12.47 10.65 17.23 17.32 16.36 17.45 14.92 

MnO 0.27 0 .18 0.07 0.09 0.08 0.02 0.07 0.11 0.11 0.09 0.03 0.10 0.16 

MgO 20.06 20.42 24.20 25 .06 26.15 26.19 25 .62 26.06 22 .56 22 .50 23.05 22 .78 22 .27 

CaO 0.04 0.04 0.05 0.01 0.02 0.01 0.01 0.01 0.06 0.05 0.03 0.02 0.00 

Na20 0.07 0.06 0.00 0 .00 0.00 0.00 0.02 0.00 0.02 0.04 0.03 0.01 0.02 

K20 0 .04 0.05 0.01 0.02 0 .01 0.01 0.01 0.01 0.00 0.01 0.02 0.04 0.02 
F 0.00 0.00 n.a . n.a. n.a. n.a. n.a. n.a. 0 .00 0.00 0.25 0.14 0.22 

Cl 0 .05 0 .07 n.a. n.a. n.a. n.a. n.a. n.a. 0.03 0.03 0.03 0.02 0.05 

sum 90 .04 90.29 86 .19 88 .91 86 .69 86.58 86.26 83.33 90.86 90.73 88.48 90.45 86.84 

Si 5.34 5.38 5.77 5.58 5.91 5.92 5.50 5.82 5.29 5.34 5.44 5.31 5.52 

Al[iv) 2 .66 2.62 2 .23 2.42 2.10 2.08 2.50 2.18 2.71 2.66 2 .56 2.69 2.48 

Al[vi) 2.43 2.38 2.46 2.52 2.30 2.15 2.27 2.12 2.58 2.55 2.39 2.46 2.62 

Ti 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.02 0.02 0 .00 

Fe3+ 0.51 0.51 0 .3 1 0.31 0.27 0.30 0.31 0.27 0.42 0.42 0.40 0.42 0.37 

Fe2+ 2 .91 2.90 1.78 1.77 1.54 1.68 1.76 1.54 2.36 2 .37 2 .29 2.40 2.11 

Mg 5.91 6.00 7 .14 7.18 7 .62 7.68 7.59 7.92 6.46 6.46 6.77 6.57 6.61 

Mn 0 .05 0.03 0.01 0.01 0 .01 0.00 0 .01 0.02 0.02 0.01 0.01 0.02 0.03 

Ca 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 

Na 0 .01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0 .01 0.00 0.01 

K 0.01 0.01 0 .00 0 .00 0.00 0.00 0.01 0.00 0.00 0 .00 0.00 0.01 0.01 

Tc/o C 366 360 297 328 276 273 341 289 374 366 350 371 337 
Tk/oC 338 333 280 300 263 262 307 271 337 332 320 335 311 

n.a . = not analysed 
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Palovaara Isolaki 

Sampl( 2-9.00 2-100.30 3-82.00 030-4 030-11 

Rock ultramafic albite diabase intermediate tuffite ultramafic albite diabase 

lava differentiate 

of diabase 

Type early early early early early 

Si02 27 .80 27.57 25.91 26.06 26.92 26.62 26.02 26.43 26.49 26.27 26.61 30.45 29.69 26.60 25.64 26.93 

Ti02 0.01 0.09 0.04 0.01 0.02 0.00 0.04 0.06 0.02 0.08 0.01 0.08 0.05 0.10 0.04 0.04 

AI203 19.78 19.62 20.1 9 19.54 18.93 19.74 20.65 20.65 21.40 21.79 21.80 17.44 17.08 21.69 22.02 21.40 

FeO 20.83 20.85 27.86 28.00 27.78 27.37 21.30 20.92 22.93 21.33 22.84 16.55 16.79 19.69 19.60 19.50 

MnO 0.13 0.14 0.08 0.05 0.07 0.09 0.08 0.07 0.06 0.06 0.06 0.10 0. 15 0.19 0.15 0.14 

MgO 20.35 19.19 16.67 16.28 16.54 16.84 19.66 20.06 18.44 19.43 18.50 24.17 24.32 20.40 19.91 20.10 

CaO 0.00 0.0 1 0.02 0.01 0.00 0.03 0.02 0.04 0.02 0.00 0.02 0.04 0.06 0.07 0.05 0.05 

Na20 0.00 0.04 0.05 0.07 0.06 0.03 0.05 0.04 0.07 0.02 0.05 0.02 0.00 0.05 0.05 0.03 

K20 0.03 0.04 0.01 0.08 0.04 0.00 0.02 0.01 0.03 0.00 0.07 0.02 0.00 0.01 0.0 1 0.04 
F 0.00 0.00 0.03 0.00 0.18 0.15 0.06 0.27 0.24 0.37 0.17 0. 18 0.00 0. 10 0.00 0. 19 

Cl 0.05 0.03 0.02 0.07 0.03 0.03 0.04 0.04 0.03 0.06 0.04 0.03 0.02 0.05 0.04 0.07 

sum 88.93 87.55 90.83 90.10 90.36 90.72 87.84 88.28 89.46 88.98 89.96 88.99 88.15 88.80 87.47 88.23 

Si 5.57 5.6 1 5.27 5.35 5.50 5.40 5.31 5.35 5.33 5.28 5.32 5.97 5.89 5.32 5.21 5.41 

A1[iv] 2.43 2.39 2.73 2.65 2.50 2.60 2.69 2.65 2.67 2.72 2.68 2.04 2.1 1 2.68 2.79 2.59 

A1[vi] 2.24 2.32 2.1 2 2.09 2.06 2. 12 2.28 2.28 2.41 2.44 2.46 1.99 1.88 2.43 2.48 2.47 

Ti 0.00 0.01 0.0 1 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.0 1 0.01 0.02 0.01 0.0 1 

Fe3+ 0.52 0.53 0.71 0.72 0.71 0.70 0.55 0.53 0.58 0.54 0.57 0.4 1 0.42 0.49 0.50 0.49 

Fe2+ 2.97 3.02 4.03 4.09 4.03 3.95 3.09 3.01 3.28 3.05 3.25 2.30 2.37 2.80 2.83 2.78 

Mg 6.08 5.82 5.05 4.98 5.03 5.09 5.98 6.05 5.53 5.82 5.51 7.06 7.19 6.08 6.03 6.0 1 

Mn 0.02 0.02 0.0 1 0.01 0.01 0.02 0.0 1 0.01 0.01 0.01 0.0 1 0.02 0.03 0.03 0.03 0.02 

Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

Na 0.00 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.03 0.01 0.02 0.01 0.00 0.02 0.02 0.01 

K 0.0 1 0.01 0.00 0.02 0.01 0.00 0.0 1 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.01 

Tc/oC 329 323 378 365 34 1 357 37 1 365 368 376 370 266 278 370 387 355 

Tk!°C 313 310 354 346 330 340 342 337 342 345 343 264 272 339 351 329 

n.a. = not analysed 
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Appendix 3. Compositions of calcite - dolomite/ankerite pairs used in carbonate geothermometry. Dolomite and ankerite 
formulae caIculated based on 2 cations, calcite form ulae on I cation.Temperature calculated after Essene and Anovitz (1987). 

Eksymäselkä Sivakkavaara Honkavaara 
Sampie 33-9 041-44 042-46 042-61 036-5 
Roek Albite diabase Albite diabase Albite diabase Rhyolite Albite diabase 
Mineral dol cal dol cal dol dol cal eal eal eal dol dol cal eal dol 
FeO 6.31 0.84 6.92 0.65 4.32 4.33 0.11 0.97 0.90 1.19 9.62 9.46 1.33 0.38 6.56 
MnO 0.42 0.58 0.58 0.35 0.21 0.1 2 0.04 0.16 0.24 0.68 1.39 1.16 0.57 0.19 0.40 
MgO 16.70 0.79 16.90 0.77 20.40 20.60 0.68 1.07 1.08 0.82 15.69 16.88 0.90 0.65 19.51 
CaO 30.50 52.50 29.90 53.00 28.40 28.50 55.90 57.77 57.46 56.02 32.14 30.25 57.20 56.40 32.10 

FeC03 0.17 0.0 1 0.18 0.01 0. 11 0. 11 0.00 0.01 0.01 0.02 0.24 0.24 0.02 0.01 0.16 
MnC03 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.04 0.03 0.01 0.00 0.01 
MgC03 0.79 0.02 0.79 0.02 0.94 0.94 0.02 0.02 0.03 0.02 0.70 0.76 0.02 0.02 0.84 
CaC03 1.03 0.96 1.01 0.97 0.94 0.94 0.98 0.96 0.96 0.96 1.03 0.98 0.95 0.98 0.99 

T/oC 384 371 314 425 426 389 406 306 

Lehtovaara 
Sampie 052-5 053-7 053-13 
Rock Albite diabase Albite diabase Albite diabase 
Mineral dol dol cal cal cal dol cal dol cal dol cal dol cal dol 
FeO 8.02 8.20 1.46 1.17 1.44 7.09 1.13 7.31 1.19 4.83 1.23 4.18 1.26 6.82 
MnO 0.51 0.47 0.34 0.31 0.29 0.43 0.31 0.41 0.18 0.21 0.27 0.14 0.19 0. 12 
MgO 17.50 17.60 1.10 1.02 1.42 17.69 1.10 16.65 1.41 19.56 1.44 20.43 1.19 17.70 
CaO 28.80 28.50 52.90 50.60 54.12 29.52 51.72 30.63 55.93 30.31 56.77 29.98 52.94 28.72 

FeC03 0.21 0.2 1 0.02 0.02 0.02 0.18 0.02 0.19 0.02 0.12 0.02 0.11 0.02 0.18 
MnC03 0.01 0.01 0 .00 0.00 0.00 0.01 0.00 0.0 1 0.00 0.0 1 0.00 0.00 0.00 0.00 
MgC03 0.81 0.82 0.03 0.03 0.03 0.82 0.03 0.77 0.03 0.89 0.03 0.92 0.03 0.84 
CaC03 0.96 0.95 0.95 0.95 0.94 0.98 0.95 1.02 0.95 0.99 0.95 0.97 0.95 0.98 

T/oC 463 450 501 457 486 488 470 

Lehtovaara 
Sampie 054-1 
Rock Albite diabase 
Mineral eal dol cal dol cal dol 
FeO 1.16 7.02 0.93 7.69 1.20 7.93 
MnO 0.23 0.22 0.28 0.20 0.23 0.18 
MgO 1.15 19.37 0.65 17.13 0.83 18.59 
CaO 54.63 30.53 54.46 30.99 52.37 28.76 

FeC03 0.02 0.17 0.01 0.20 0.02 0.20 
MnC03 0.00 0.01 0.00 0.01 0.00 0.00 
MgC03 0.03 0.85 0.02 0.78 0.02 0.85 
CaC03 0.95 0.97 0.97 1.02 0.96 0.94 

T/oC 455 342 408 

cal = calcite: dol = dolomite 
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