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The Nd and Pb isotopic composition of 50 silicic and basic rock sam pies, com­
bined with feldspar Pb and general geochemical data, are used to evaluate the ori­
gin and evolution of the Finnish and Soviet Karelian (1.65 to 1.54 Ga) rapakivi 
granites and penecontemporaneous diabase dykes and gabbroic and anorthositic 
rocks. Special emphasis is laid on the 1.64 Ga old Suomenniemi complex in south­
eastern Finland. 

The rapakivi granites occur as shallow-level multiple intrusions sharply tran­
secting the surrounding bedrock. The Finnish granites were emplaced within the 
1.9 Ga Svecofennian crust, while the Soviet Karelian granites were intruded in the 
contact zone between the Svecofennian crust and the Fennoscandian Archean cra­
ton. Geochemically, the rapakivi granites are metaluminous to slightly peraluminous 
subsolvus granites showing high K, K/ Na, Fe/ Mg, F, Ga, Ga/ Al, Rb, Zr, Zn, and 
REE, as weil as low Ca, Mg, P, and Sr, and hence are similar to the Phanerozoic 
subalkaline A-type granites. In the Suomenniemi complex, a rninor peralkaline hyper­
solvus intrusive phase (aegirine-augite alkali-feldspar syenite) also occurs . 

Nd isotopic data on the Finnish granites show initial ENd values ranging from 
-3.1 to -0.2 and T DM model ages (topaz-bearing granites excluded) averaging 
2.06±0.03 (I S.D.) Ga. Alkali feldspar Pb isotopic compositions have S&K >I, 
values that average 9.83 ± 0.08 (I S.D.). These isotopic characteristics are very close 
to those measured for the Svecofennian crust and indicate that the Finnish rapaki­
vi granites were derived from it. The Soviet Karelian granites exhibit more negative 
ENd values (-8 .1 to -5.7) and low Pb isotopic ratios (alkali feldspar >I, values 8.73 
and 8.75). Mixing calculations suggest that these granites are about one-to-one mix­
tures of Proterozoic and Archean crustal material, and that the Archean lower crust 
presumably has a very unradiogenic Pb isotopic composition (apparent >I, value 
of about 8). 

Major and trace element modeling of the granites of the Suomenniemi batholith 
suggests a felsic (ca. 730/0 SiO,) parental magma which may have been generated 
by ca. 20% melting of an inter mediate to acid (granodioritic) source. Calculations 
suggest that subsequent evolution of the parental magma was possibly controlled 
by fractionation of alkali feldspar , quartz, mafic silicates, and Fe-Ti-oxide (in the 
ratio 68/ 15/15/2), with trace amounts of apatite, zircon, and allanite. This resulted 
in a spectrum of rocks ranging from cumulates (hornblende granite, biotite­
hornblende granite) to those precipitated from residualliquids (biotite granite, topaz­
bearing granite). Isotopic data are indicative of some wall-rock assimilation. 

The diabase dykes crystallized from evolved Fe-rich tholeiitic magmas. They 
are moderately enriched in the LREE and have ENd values ranging from -1.2 to 
+ 1.6. The Pb isotopic compositions of the diabase dykes conform to the growth 
curve of average crustal Pb and define a secondary isochron with an age of 1854 ± 65 
Ma, which is ca. 200 Ma in excess of their true crystallization age. The magma evolu­
tion of these dykes can be assessed by AFC modeling involving a plagioclase-domi­
nated gabbro assemblage in wh ich the amount of clinopyroxene exceeds that of oli­
vine, and an upper crustal contaminant with ENd = -3.6 and Nd = 26 ppm. Incor-



poration of Pb from the Svecofennian crust explains the age of the secondary isochron 
and variable U-Pb whole rock errorchrons as weil. The gabbroic and anorthositic 
rocks are akin to lithologies encountered in the Proterozoic massive anorthosites. 
They also show an evolved character. variable ENd values (-1.7 to +0.8). and Pb 
isotopic ratios that plot along the growth curve of average crustal Pb . 

The rapakivi granites and related basic rocks are considered to derive from 
anorogenic magmas produced by partial melting in the upper mantle (diabase dykes. 
gabbroic and anorthositic rocks) and lower parts of the continental crust (rapakivi 
granites). This anorogenic magmatism may have been associated with the forma­
tion of an early Proterozoic supercontinent (Laurentia - Baltica) that promoted 
large-scale mantle upwellings. partial melting in the upper mantle. and subsequent 
anatectic melting of the continental crust. 
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INTRODUCTION 

A hundred years ago, Sederholm (1891) in­
troduced the Finnish term rapakivi to interna­
tional geologicalliterature in his pioneering paper 
on the rapakivi granites of southern Finland. The 
term, meaning disintegrated or crumbly rock il­
lustrated the tendency of the rapakivi granites to 
weather more easily than other granitic rocks of 
Finland. Since the early days of Sederholm, 
southern Finland has been regarded as the type 
area of rapakivi granites. In the first half of the 
century, petrographical and geochemical works 
on Finnish rapakivi granites were published by 
Wahl (1925, 1947), Eskola (1928, 1930, 1949), 
Hackman (1934), and Sahama (1945, 1947) . 
Later , studies have been carried out on petrolo­
gy, petrography, and geochemistry (Savolahti, 
1956,1962; Vorrna, 1975, 1976; Haapala, 1977a; 
Törnroos, 1984), mineralogy (Haapala & Ojan­
perä, 1969; Simonen & Vorrna, 1969; Vorrna, 
1971, 1972; Vorma & Paasivirta, 1979), geochro­
nology (Vaasjoki, 1977; Vaasjoki et al. , 1988; Id­
man, 1989), intrusion mechanism (Bergman, 
1986), and metallogeny (Haapala & Ojanperä, 
1972a; Haapala, 1974, 1977b, 1988). 

The Finnish rapakivi granites comprise four 
large batholiths (Wiborg, ÄIand or Ahvenanmaa, 
Laitila, and Vehmaa) and several smaller 
batholiths or stocks (Suomenniemi, Ahvenisto, 
Onas, Bodom, Obbnäs, Kökarsfjärd, Fjällskär, 
Eurajoki, Kokemäki, Reposaari, and Siipyy) 
transecting the 1.9 Ga Svecofennian crust of 
southern Finland (Fig. 1). Quartz-feldspar 
porphyry dykes, compositionally akin to the 
granites, are often associated with the batholiths 
and stocks. The isotopic ages of the rapakivi 
granites and silicic dyke rocks range from 1.65 
to 1.54 Ga (Vaasjoki et al. , 1991; see also Vaas­
joki, 1977). 

The rapakivi granites are spatially and tem­
po rally associated with basic rocks, i.e. tholeiitic 
dykes (Subjotnian diabases) and minor gabbroic 
and anorthositic bodies . The tholeiitic dykes are 
in places cut by the rapakivi granites, but in other 
places the opposite relationship occurs, and in a 
few instances evidence for coexisting silicic and 
basic magmas is found (Laitala, 1984; Lindberg & 
Eklund, 1989; Rämö, 1989a). In contrast, the 
granites show an intrusive relationship to the gab­
broic and anorthositic rocks; no difference, how­
ever, exists in the isotopic ag es of these rocks 
(Vaasjoki, 1977; Suominen, 1987; Vaasjoki et al. , 
1991). 

Presently used terminology differentiates be­
tween rapakivi granite and rapakivi texture (cf. 
Vorma, 1976). Rapakivi texture (plagioclase­
mantled alkali feldspar ovoids, two generations 
of alkali felds par and quartz) is common 
in the Proterozoie rapakivi granites of Fin­
land (although in so me of the batholiths it may 
be rare or absent), but other granites with 
plagioclase-mantled alkali feldspar ovoids are 
commonly called rapakivi granites, regardless of 
age. Granites with rapakivi texture have been 
described from some Phanerozoic and Archean 
granites (e.g., Murakami & Imaoka, 1985; 
Sibiya, 1988), but they are most commonly found 
in middle to early Proterozoic anorogenic or 
postorogenic complexes in early Proterozoic oro­
genie belts (Bridgwater & Windley, 1973; Ems­
lie, 1978; Anderson, 1983; Haapala, 1988). Pro­
terozoic rapakivi granites are known to exist in 
most Precambrian shield areas. In addition to the 
Fennoscandian shield, they have been described 
for example from the Ukraine, U.S.S.R. (see 
Velikoslavinskiy et al., 1978), Greenland (Bridg­
water et al. , 1974), Canada (Emslie, 1978), 
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U.S.A. (Anderson, 1983), Brazil (Goili, 1961; 
Teixeira, 1990), Venezuela (Gaudette et al. , 
1978), China (Yu, 1989), and Australia (Wyborn 
et al. , 1988). 

Active geological research has focused on the 
rapakivi granites for a hundred years now, but 
the petrogenesis of these rocks is still controver­
sial. Major problems regarding the petrogenesis 
of the rapakivi granites are (1) the source of the 
rapakivi granite magma, (2) the genetic relations 
between the rapakivi granites and the penecon­
temporaneous basic rocks, (3) the geotectonic 
framework in which these rocks were emplaced, 
(4) the overall relation of the rapakivi granites 
to the evolution of the continental crust, and (5) 
the origin of the rapakivi texture. 

The aim of the present work is to discuss in 
detail the first two problems. To do this, a Nd 
and Pb isotopic and general geochemical study 
was carried out on the rapakivi granites and as­
sociated basic rocks of southern Finland. Because 
the Finnish rapakivi granite batholiths are typi­
cal rapakivi granite intrusions inasmuch as they 
all are found within the early Proterozoic crust, 
a few sampies were also investigated from the two 
Soviet Karelian batholiths, Salmi and Sotjärvi (or 
Ulalega) (Fig. 1). The Soviet batholiths are 10-
cated at the contact between the juvenile 1.9 Ga 
Svecofennian crust and the Fennoscandian Ar­
chean craton, and they were thought to provide 
information on the extent to which ancient con­
tinental crust was involved in the genesis of these 
granites. 

The Suomenniemi complex on the northern 
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flank of the Wiborg rapakivi batholith (Fig. 1) 
was chosen for detailed study because relatively 
littIe information was available for the Suomen­
niemi rapakivi granite batholith and because the 
bedrock surrounding the batholith, with its abun­
dant silicic and basic dyke rocks, was believed 
to be suitable far studying the problem of bimo­
dal magmatism associated with rapakivi granites. 
The Suomenniemi complex was mapped in de­
tail by the Department of Geology, University of 
Helsinki in 1986-88. The isotopic work present­
ed in this study was performed in the Unit for 
Isotope Geology, Department of Petrology, 
Geological Survey of Finland in 1987-90. 

First, the present work describes the mode of 
occurrence, petrography, and geochemistry of 
the Finnish rapakivi granites and penecontem­
poraneous basic rocks, with special reference to 
the Suomenniemi complex. Nd and Pb isotopic 
data on the silicic and basic rocks are dealt with 
next, with implications for intra-batholith mag­
ma evolution, source of the rapakivi granite mag­
ma, and isotopic composition of the lower con­
tinental crust. This is followed by a discussion 
on the mantle source characteristics and magma 
evolution of the rapakivi-age diabase dykes and 
gabbroic and anorthositic rocks. Finally, a 
petrogenetic model is suggested for the rapakivi 
granites and associated basic rocks. Preliminary 
results of this work have been reported by 
Haapala and Rämö (1987, 1988, 1990), Rämö 
(1989a, 1989b, 1990), Rämö et al. (1989, 1990), 
Vaasjoki and Rämö (1989), Rämö and Haapala 
(1991), and Vaasjoki et al. (1991). 

GEOLOGie SETTING 

Mode of occurrence of the rapakivi granites and related basic rocks 

The rapakivi granite batholiths and stocks of 
southeastern Fennoscandia cut sharply across the 
surrounding bedrock. They were emplaced at 
shallow crustallevels, often by multiple injections 

of silicic magmas over long periods (e.g. , em­
placement of the Wiborg batholith took at least 
25 Ma; Vaasjoki et al. , 1991). Such features as 
sharp intrusive contacts, roof pendants, roof 
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breccias, and subvolcanic and volcanic members 
suggest that the present erosion level generally 
represents the upper parts of these epizonal in­
trusive complexes (Wahl, 1925, 1947; Vorrna, 
1975; Haapala, 1977a; Bergman, 1986). Some of 
the smaller intrusions show structures typical of 
centered complexes (Vorrna, 1976; Haapala, 
1977a, 1988). The effect of the rapakivi granite 
magmas on their immediate country rocks has 
been minor, largely due to the relatively high 
metamorphic grade of the bedrock. Vorma 
(1972), however, using the structural state of 
alkali felds pars in the rocks surrounding the 
Wiborg batholith, was able to recognize a ther­
mal aureole around the batholith, presumably in­
duced by the emplacement of the rapakivi mag­
mas. Geophysical data indicate that the rapaki­
vi batholiths are subhorizontal sheets not more 
than about 10 km thick, and that they may have 
deep roots (Laun!n, 1970; Tuomi, 1988; Korja & 
Elo, 1990). The emplacement mechanisms were 
most probably cauldron subsidence and magmat­
ic stoping (Sundsten, 1985; Bergman, 1986). 
Faults or deep fractures have, in several in­
stances, obviously controlled the emplacement of 
the rapakivi granites. 

The rapakivi granites of southeastern Fen­
noscandia can be divided into two age groups. 
The eastern Finnish intrusions (Wiborg, Suomen­
nierni, Ahvenisto, Onas, Bodom, and Obbnäs) 
show a range of U-Pb zircon ages from 1650 to 
1620 Ma (Vaasjoki et al., 1991; M. Vaasjoki, 
pers. commun., 1991), while the western Finn­
ish intrusions (Aland, Laitila, Vehmaa, Kökars­
fjärd, Fjällskär, Kokemäki, Eurajoki, Reposaari, 
and Siipyy) and the Soviet Karelian batholiths 
(Salmi and Sotjärvi) have U-Pb zircon ages be­
tween 1590 and 1540 Ma (Suominen, 1987; Vaas­
joki et al. , 1988; Idman, 1989; Suominen, 1991; 
see also Vaasjoki, 1977). 

The tholeiitic dyke rocks (Subjotnian diabases) 
associated with the rapakivi granites of southeast­
ern Finland comprise several west-northwest- or 
northwest-trending dyke swarms (Fig. 1) and 
show a range of isotopic ag es from 1665 to 1635 

Ma (Laitakari, 1987; Siivola, 1987; Suominen, 
1987; Vaasjoki & Sakko, 1989; Vaasjoki et al., 
1991). They usually have plagiodase phenocrysts 
and/ or megacrysts set in a groudmass of 
plagiodase, olivine, dinopyroxene, and oxide. 
The largest of the dyke swarms is the roughly 250 
km long and about 70 km wide Häme swarm 
(Fig. 1) extending from the northwestern flank 
of the Wiborg batholith through the belt of the 
Svecofennian plutonic and supracrustal rocks of 
southern Finland (Laitakari, 1969, 1987). The 
Häme swarm consists of at least two dyke sets 
that differ in age by some 20 Ma (Vaasjoki & 
Sakko, 1989). Other mafic dyke sets related to 
the eastern Finnish rapakivi intrusions are a 
swarm in the Suomenniemi complex that pro­
vides evidence for a third, slightly younger dyke 
event (Vaasjoki et al. , 1991), a swarm north of 
the Ahvenisto complex (Laitakari & Leino, 1989), 
and scattered dykes along the southern coast of 
Finland in association with the Onas, Bodom, 
and Obbnäs plutons (Fig. 1). Wahl (1947) and 
Vorma (1975) present evidence for volcanic and 
subvolcanic mafic rocks most probably related 
to the diabase dykes of southeastern Finland. 
Tholeiitic dykes associated with the western Finn­
ish intrusions comprise mainly northeast-trend­
ing swarms (Ehlers & Ehlers, 1977) but so me 
roughly east-west-trending swarms also exist 
(Pihlaja, 1987; Lindberg & Eklund, 1989). These 
diabase dykes have isotopic ages dose to those 
of the rapakivi granites of southwestern Finland 
(Suominen, 1987). 

Most of the Finnish rapakivi granite batholiths 
are associated with minor gabbroic and anortho­
sitic bodies that are found either as indusions in 
rapakivi granite or as plutons at or dose to the 
margins of the batholiths. By far the largest (ca. 
70 km2

) of the gabbroic and anorthositic bodies 
is the Ahvenisto gabbro-anorthosite complex 
(Fig. 1). It has been described in detail by 
Savolahti (1956) and Johanson (1984). The com­
plex is associated with a biotite rapakivi granite 
batholith and also shows an abundance of inter­
mediate monzodioritic rocks (J ohanson, 1989). 



Volumetrically the most important rock type in 
the complex is gabbro no rite that is locally, espe­
cially in the southern part of the complex, altered 
to uralite gabbro. Other rock types include oli­
vine gabbro, olivine gabbronorite, norite, leu­
cogabbronorite, and anorthosite; minor occur­
rences of ilmenite-rich gabbronorites and very 
coarse-grained gabbro pegmatites and leucogab­
bros are also encountered (Johanson, 1984). The 
age of the Ahvenisto gabbro-anorthosite complex 
is 1645 Ma (Vaasjoki et al., 1991) . 

Other gabbroic and anorthositic rocks related 
to the rapakivi granites of eastern Finland are 
anorthosite inclusions in the east-central part of 
the Wiborg batholith (e.g., at Ylämaa; Simonen, 
1979a, 1979b), the Väärälampi body in the 
Suomenniemi batholith, and a minor anorthositic 
intrusion between the Ahvenisto complex and the 
Wiborg batholith (Lehijärvi & Tyrväinen, 1969; 
Tyrväinen, 1986). The anorthositic bodies of 
Väärälampi and Ylämaa are dated at 1636 and 
1633 Ma, respectively (Vaasjoki et al. , 1991; 
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Suominen, 1991). 
Gabbroic and anorthositic rocks are also as­

sociated with the western Finnish and the Soviet 
Karelian batholiths. Close to the southeastern 
contact of the Laitila rapakivi granite batholith, 
at Kolinummi, there occurs an elongated anor­
thositic intrusion embedded in a Svecofennian 
garnet-cordierite gneiss (Nyfors, 1954; Vorma, 
1976). It consists of various fine- to coarse­
grained anorthositic rocks that occasionally show 
plagioclase crystals up to 15 cm in length . An U­
Pb zircon age of ab out 1570 Ma was reported for 
the Kolinummi intrusion by Vaasjoki (1977). 
Minor gabbroic and anorthositic bodies are also 
found in the western and southwestern parts of 
the Aland batholith (Bergman, 1979; Suominen, 
1987) and also in association with the Salmi 
batholith (Velikoslavinskiy et al., 1978). Accord­
ing to Suominen (1987), the anorthosites as­
sociated with the Aland batholith are about 1580 
Ma old. 

The Suomenniemi complex 

The Suomenniemi complex consists of the 
Suomenniemi rapakivi granite batholith and spa­
tially and temporally associated silicic and basic 
dyke rocks. A geological map of the complex is 
included as Appendix 4. Within the Suomennie­
mi batholith, a number of different rock types 
occur, ranging from low-silica hornblende­
clinopyroxene-fayalite granite and hornblende 
granite to highly silicic topaz-bearing granite and 
peralkaline alkali-feldspar syenite . A small gab­
bro-anorthosite body also exists . The dyke rocks 
of the complex comprise quartz-feldspar por­
phyry and diabase that usually occur separately, 
but occasionally have intruded through the same 
fractures, producing composite dykes. Silicic-bas­
ic magma interaction in the complex is also 
demonstrated by diabases bearing alkali feldspar 
megacrysts (Rämö, 1989a) . There also exists a 

tholeiitic mafic intrusion at Lovasjärvi in the 
southwestern part of the complex, showing a 
close genetic association with the diabase dykes . 

The Suomenniemi batholith 

The Suomenniemi batholith is one of two 
satellite rapakivi granite bodies at the north­
western flank of the Wiborg batholith (Fig . 1, 
Appendix 4). It covers an area of approximately 
365 km2 and is weil exposed, except in its west­
central parts. The batholith has been described 
in unpublished theses (Pipping, 1956; Sundsten, 
1985), but little has been published on the 
batholith: its lithology has briefly been com­
mented on by Frosterus (1903), Vorma (1972, 
1976), and Simonen and Tyrväinen (1981). 
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The Suomenniemi batholith cuts sharply across 
the surrounding early Proterozoic Svecofennian 
plutonic and supracrustal rocks that comprise 
microcline granite to the north and west, mica 
gneiss, quartz diorite, and granodiorite to the 
east, and mica gneiss, quartzite, and mafic schists 
to the south of the batholith (Sirnonen & Tyrväi­
nen, 1965; Tyrväinen, 1990). The batholith 
presumably has a mutual contact with the 
Wiborg batholith in the southeast. The contact 
is not exposed, but Vorma (1972) suggests that 
the Wiborg batholith probably is younger than 
the Suomenniemi batholith. This hypothesis is 
also consistent with the latest isotopic ages from 
the outer contact of the Wiborg batholith south 
of the Lovasjärvi intrusion where the rocks are 

Q 

A 

dated to be ab out 10 Ma younger than the 
granites in the Suomenniemi batholith (Vaasjoki 
et al., 1991). 

The contacts of the Suomenniemi batholith 
against its country rocks dip usually gently away 
from the batholith in its western part where the 
granites show a distinct chili phase against the 
country rocks (Pipping, 1956; Simonen & Tyr­
väinen, 1981). Exposures of contact breccia are 
abundant along its northwestern and north­
eastern rims. In addition, country rock xenoliths, 
up to a few tens of meters across, have been 
found in the east-central and southwestern parts 
of the batholith (Appendix 4). The general out­
line of the contacts of the batholith seems to 
follow pre-existing northwest- and southwest-

p 

• Hornblende-clinopyroxene-fayalite granite o Biotite granite 

• Hornblende granite 

• Biotite-homblende granite 

* Porphyritic biotite granite 

o Topaz-bearing granite 

t:, Alkoli-feldspar syenite. alkali-feldspar quartz syenit~ 

Fig. 2. Modal composition of the granites 
and alkali-feldspar syenites and alkali­
feldspar Quartz syenites of the Suomennie­
mi batholith shown in the APQ-diagram 
of Streckeisen (1973). 



trending weakness zones in the bedrock (Sund- 
sten, 1985). This has resulted in a zig-zag pattern, 
which in general is typical of centered complexes 
emplaced at shallow crustal levels (cf. Pitcher & 
Berger, 1972). Geophysical models suggests that 
the Suomenniemi batholith is about 3 km thick 
(Tuomi, 1988). 

Previous studies (Pipping, 1956; Sundsten, 
1985) have described two main granite types in 
the batholith: a coarse, even-grained to slightly 
porphyritic biotite granite that constitutes the 
bulk of the batholith in its western, central, and 
northern parts, and a coarse- and even-grained 
hornblende granite found in the southeastern part 
of the batholith. The present study indicates that 
the two rock types may gradually change from 
one to the other, as granites with varying 
arnounts of biotite and hornblende are associated 
with the hornblende granite and biotite granite 
(Appendix 4). In outcrops the main granite types, 
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especially the biotite granite in the northern and 
western parts of the batholith, are usually rather 
homogeneous. Not infrequently, however, large 
heterogeneities exist, for instance, on a single 
outcrop, where a granite may vary from 
equigranular to distinctly porphyritic without 
necessarily showing sharp contacts. 

In addition to the major granite types, several 
distinctive lithologies of s m d  areal extent can be 
recognized in the batholith. These comprise faya- 
lite-clinopyroxene-hornblende granite, porphy- 
ritic biotite granite, topaz-bearing granite, and 
alkali-feldspar syenite. Moreover, two occur- 
rences of orbicular granite and a small gabbro- 
anorthosite body also occur. In the remainder of 
this section, shon petrographic descriptions of 
the rock types are given. Representative modal 
compositions of the various felsic rock types in 
the batholith are plotted in the APQ-diagram 
(Streckeisen, 1973) in Fig. 2. 

Fig. 3. Coarse-grained biotite ganite (sample A1042) at Uiruvuori quarry, northern part of the Suomenniemi 
batholith. Photo by Jari Vatainen. 
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Coarse-grained biotite granite 

The coarse-grained biotite granite that consti- 
tutes the bulk of the batholith in its western, cen- 
tral, and northern parts is a red to pale red rock 
with an even-grained to slightly porphyritic tex- 
ture showing predominant alkali feldspar crys- 
tals 2 to 4 cm across, conspicuous drop quartz, 
and biotite (Fig. 3). Scattered alkali feldspar 
ovoids with an average diameter of 5 cm also oc- 
cur. At the contacts of the batholith the coarse- 
grained biotite granite grades to a distinctly por- 
phyritic rock with scattered alkali feldspar and 
quartz phenocrysts in a medium-grained matrix 
with occasional hornblende. 

Hornblende granite and biotite-hornblende granite 

Hornblende granite and biotite-hornblende 
granite are found in the southern and southeast- 

ern parts of the batholith (cf. Appendix 4). The 
relative proportions of the main mafic minerals 
(biotite, hornblende) and the grain size of the 
rocks vary considerably. The southeastern rim of 
the batholith is composed of a dark red, medium- 
to coarse-grained equigranular granite that has 
hornblende as the only main mafic mineral (Fig. 
4). Toward north and west (Le., where the 
bedrock is sufficiently exposed), the hornblende 
granite passes into a reddish grey equigranular 
granite with variable amounts of hornblende and 
biotite (Fig. 5). In the cores of the hornblende 
iddingsite pseudomorphs after fayalite and faya- 
lite relics are often found. Plagioclase-phyric gab- 
bro-anorthosite inclusions (Fig. 6) and 
plagioclase megacrysts are occasionally found in 
the hornblende granites and biotite-hornblende 
granites. 

Sharp contacts between different granite types 
(e.g., between a coarse-grained biotite-horn- 
blende granite and a more mafic hornblende- 

Fig. 4. Hornblende granite (smple Alm) at Pohjalampi, soiitheastern flank of the Suomennienii batholith. 
Pholo by Jari Vaattlinen. 
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Fig. 5. Biotite-hornblende granite (sample MKT-87-738.1) Kuituranlahti, eastern part of the Suomenniemi 
batholith (Map 3132 @D, x=67%.75, y=3528.45). Photo by Jari VMULinen. 

Fig. 6. Plagioclase-phyric gabbro-anorthosite inclusion embedded in biotite-hornblende granite on the island of 
Ärjatsaari, eastern part of the Suomenniemi batholith (Map 3132 @D, x=6795.22, y = 3526.77). The diameter 
of the coin is 2.2 cm. 
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dominated granite) cqn be seen in a few outcrops 
in the eastern part of the batholith, but the rela- 
tive ages of the rock types can not be indisputa- 
bly defined. According to Vorma (1976), the 
hornblende granite of the Suomenniemi batholith 
is younger than the coarse-grained biotite gran- 
ite, but it is also possible that they are coeval and 
simply related to each other by fractionation 
processes, and hence sharp mutual contacts do 
not necessarily mean that they belong to distinc- 
tive intrusive phases, but may be the result of au- 
tointrusion under unstable crystallization condi- 
tions (e.g., rapid changes in pressure, cauldron 
subsidence perturbations) in the subvolcanic en- 
vironment of emplacement of the batholith. 

Hornblende-clinopyroxene-fayalite granite 

ern, east-central, and eastern parts of the 
batholith (Appendix 4). Typically, the rock is 
dark brownish gray, porphyritic with grayish 
alkali feldspar phenocrysts (diameter 1 to 2 cm) 
and a fine- to medium-grained groundmass of 
alkali feldspar, oligoclase, quartz, fayalite, 
clinopyroxene, and hornblende (Fig. 7). The 
hornblende-clinopyroxene-fayalite granite occurs 
as small patches within the hornblende granite 
and biotite-hornblende granite showing sharp 
and sometimes also brecciated contacts with them 
(Fig. 8). In accordance with the Fe-rich nature 
of the olivine in the rock, the clinopyroxene and 
hornblende are also Fe-rich (ferrohedenbergite 
and hastingsitic hornblende, respectively). 

Porphyritic biotite granite 

Hornblende-clinopyroxene-fayalite granite is Porphyritic biotite granite occurs mainly in the 
found as minor intrusive units within the south- northern and northwestern parts of the batholith. 

'ig. 7. Hornblende-clinopyroxene-fayalite granite (sample A1 130) at Sikolampi, eastern part of the Suomennie- 
ai batholith. Photo by Jari Vilatainen. 



Fig. 8. Sketch maps showing the mode of cccurrence of the hornblend&opyroxmcfayaiite granite in the Suomen- 
niemi batholith. (a) hornblende-clinopyroxene-fayalite granite brecciating biotite-hornblende &te at Sikolam- 
pi, eastern Suomenniemi batholith (Map 3132 09D. x= 6799.36, y = 3528.34). (b) hornblen~opyrox~faye i i t c  
granite intruding hornblende granites at Sammakkwrko, east-central Suomenniemi batholith (Map 3132 09B. 
x = 6798.51, y = 3522.38). 1: coarse-grained biotitchomblende granite; 2: medium-grahed hornblende- 
clinopyroxene-fayalite granite; 3: apiitic and pegmatitic veins; 4: medium- to coarse-grained hornblende granite; 
5: wam-grained hornblende &te; 6: medium- to comegrained dightly porphyritic hornblendeclhopyroxenc- 
fayalite granite (dots denote clusters of alkali feldspar phenoaysts). 
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It shows distinctive euhedral alkali feldspar and 
quartz phenocrysts and an abundance of miaro- 
litic microcavities; biotite is the only mafic sili- 
cate and sometimes occurs as poikilitic rosettes 
in the medium- to coarse-grained groundmass 
(Fig. 9). This rock type is areally quite restricted 
(the largest mappable unit occurs at Luotolahti 
in the northeastern corner of the batholith; Ap- 
pendix 4), and occasionally shows sharp contacts 
against the coarse-grained biotite granite. 

Topaz-bearing granite 

Topaz-bearing granite is found as small 
patches within the coarse-grained biotite granite 
in the northern and western parts of the batholith 
(Appendix 4). The largest occurrence (1 .5 by 3 
km2) is found between Lake Lylysjarvi and 
Lake Kuivajarvi. The rock is normally a highly 
siliceous, pale red and porphyritic granite show- 

ing variable amounts of alkali feldspar and 
quartz phenocrysts, the latter often quite large 
(Fig. 10). The contact relationship of the topaz- 
bearing granites with the surrounding coarse- 
grained biotite granite is somewhat uncertain, but 
in at least at one location it intrudes it as dykes. 
The biotite in the topaz-bearing granite shows a 
relatively pale pleochroism and is often associated 
with some muscovite. 

Alkali- feldspar syenite 

Alkali-feldspar syenite and alkali-feldspar 
quarz syenite dykes that occur mainly in the east- 
central part of the batholith represent a new rock 
type in the Finnish rapakivi association. Most of 
the 15 dykes found so far trend northwest, are 
generally a few meters wide, show quite variable 
dips, and exhibit sharp contacts against the sur- 
rounding granites. They are typically deep vio- 

Fi. 9. Porphyritic biotite granite (sample MKT-87-688.1) at Muikula, northwestern flank of the Suomenniemi 
batholith (Map 3141 04C, x=6801.69, y =3515.43). Photo by Jari VLLatainen. 
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Fig. 10. (a) aplitic topaz-bearing granite (sample A1097) at Pajulahti, north-central part of the Suomenniemi 
batholith. (b) porphyritic topaz-bearing granite (sample M664.2) at Vironvuoret, northwest-central part of the 
Suomenniemi batholith. Photos by Jari Väätäinen. 
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Fig. 11. Alkali-feldspar syenite (sample Al 164) at Ki~essdmi,  east-central part of the Suomenniemi batholith. 
Photo by Jari Valltäinen. 

Fig. 12. Photomicrograph of alkali-feldspar syenite (sample Al  1 1  1) showing mesoperthite grains with interstitial 
aegirine-augite (green to brownish red), albite, and alkali feldspar. Width of the figure corresponds to 1.1 cm. 
Crossed polars. 
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let red or violet red one-feldspar rocks showing syenites to alkali-feldspar quartz syenites (cf. Fig. 
euhedral mesoperthite phenocrysts and intersti- 2) but in this work they are d l  referred to as aika- 
tid aggregates of aegirine-augite, alkali feldspar, li-feldspar syenites, unless otherwise stated. 
and albite as the main constituents (Figs. 11 and 
12). Some alkali amphibole, titanite, melanite 
garnet, oxide, and zircon are also encountered. Orbicular granite 
Some of the dykes show intense post-crystalliza- 
tion alteration and have a greenish clinoamphi- Two occurrences of orbicular granite have 
bole as the main mafic mineral. In modal com- been found in the Suomenniemi batholith, being 
position, these rocks range from alkali-feldspar the first orbicular rocks found within the Finn- 

Fig. 13. Section through the center of an orbicule from an orbicular ganite at Htimeenjilrvi on the northwestem 
flank of the Suomenniemi batholith. An alkali feldspar grain constitutes the nucleus, whilst the mantle consists of 
alkali feldspar, quartz, biotite, and abundant fluorite. The orbicule measures 8 by 10 cm2. Photo by Helsingin 
yliopiston kuvalaitos. 
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ish rapakivi granite batholiths. They occur as 
descrete pockets (0.5 to 2 m in diameter) in north- 
west-trending aplitic dykes cutting the coarse- 
grained biotite granite and biotite-hornblende 
granite in the northwestern and eastem parts of 
the batholith, respectively. The pockets are com- 
posed of undeformed, tightly-spaced, approxi- 
mately spherical orbicules ranging from 5 to 
20 cm in diameter. An alkali feldspar crystal con- 
stitutes the nucleus in the orbicules (Fig. 13), 
while their mantle consist of radially grown alkali 
feldspar, quartz, and green biotite or fayalite, 
with fluorite as a conspicuous minor component. 
The orbicular rock in the northwestern part of 
the batholith at Hameenjarvi has been briefly 
described by Vaasjoki & Ramö (1989). 

1988) are found within the body. Sizewise, the 
gabbro-anorthosite body at Vaaräiampi is insig- 
nificant compared with the Ahvenisto gabbro- 
anorthosite complex. It is, however, one exam- 
ple of the close relation of the Finnish rapakivi 
granites to massive anorthosites. 

A detailed U-Pii zircon isotopic study has been 
conducted in order to date the Suomenniemi 
bstholith (Vaasjoki et al., 1991). Dates have been 
obtained for two biotite granites, one hornblende 
granite, one hornblende-clinopyroxene-fayalite 
granite, one alkali-feldspar syenite, and the por- 
phyritic gabbronorite of the Vaäralampi gabbro- 
anorthosite body. The results indicate that the 
Suomenniemi batholith was emplaced about 1640 
Ma ago, and is thus somewhat younger than 
previously thought (cf. Vaasjoki, 1977). 

Gabbro-anorthosite body 
Quartz-feldspar porphyry dykes 

A small gabbro-anorthosite body (100 by 
300 m2) is found at Vääräiampi on the north- 
western flank of the Suomenniemi batholith (Ap- 
pendix 4) where it lies between a Svecofennian 
garnet-bearing microcline granite and a medium- 
grained, slightly porphyritic biotite-hornblende 
granite belonging to the Suomenniemi batholith. 
The gabbro-anorthosite transects the microcline 
granite and has caused local melting near the con- 
tact. The contact with the biotite-hornblende 
granite is sharp and locally brecciated, the gran- 
ite being indisputably younger. The exposed parts 
of the VWäiampi pluton consist of a heterogene- 
ous, coarse-grained leucogabbro cut by a por- 
phyritic gabbronorite. The former is extensively 
altered and generally shows no primary fer- 
romagnesian minerals. The gabbronorite is bet- 
ter preserved showing a mafic medium-grained 
matrix, variable amounts of plagioclase 
phenocrysts (up to 20 cm long), and altered mafic 
inclusions (up to 10 cm across) that probably 
originally were pyroxene megacrysts. In addition 
to the leucogabbro and porphyritic gabbronorite, 
later hydrothermal replacement veins of coarse- 
grained prehnite (M. Lehtinen, pers. commun., 

About 40 quartz-feldspar porphyry dykes are 
found in the Suomenniemi complex. The dykes 
trend northwest, dip vertically, are commonly 5 
to 20 m wide, and cut both the Suomenniemi 
batholith and the Svecofennian country rocks 
(Appendix 4). The dykes often have dark and 
aphanitic margins, while the central parts are 
composed of alkali feldspar (rounded or angu- 
lar), quartz, and plagioclase phenocrysts in a fine- 
to medium-grained granitic groundmass. Occa- 
sionally a mafic phenocryst phase is present, con- 
sisting of fine-grained aggregates of green am- 
phibole, biotite, and chlorite. Some dykes show 
also some muscovite, and topaz is encountered 
as a minor groundmass phase in one dyke in the 
western part of the batholith. Scattered diabase 
globules, a few cm across, are found in a dyke 
southeast of Lake Ala-Kuomio in the northern 
part of the complex (Laitakari, 1987). 

The age of the quartz-feldspar porphyry dykes 
of the Suomenniemi complex is well constrained, 
as four of them have been dated by U-Pb on zir- 
con (Vaasjoki et al., 1991). The dykes register 
ages at about 1635 Ma, and hence the emplace- 



ment of the quartz-feldspar porphyry dykes may 
represent a slightly later intrusive event than that 
of the granites of the Suomenniemi batholith. 

Diabase dykes 

A total of about 40 diabase dykes have been 
found in outcrops within the Suomenniemi com- 
plex. They have been previously described by 
Frosterus (1 W3), Simonen & Tyrainen (1 981), 
and Sundsten (1985). The dykes are vertical, cut 
sharply across the surrounding bedrock, and 
show a consistent trend toward the northwest. 
The width of the dykes ranges from a few cm to 
50 m, but is normally 5 to 20 m. Geophysical data 
(cf. Tyrvainen, 1990) indicate that some of the 
dykes may be 15 or more km long. In the append- 
ed map (Appendix 4), however, only those parts 
of the dykes are indicated that can be followed 
in outcrops. 

Most of the diabase dykes outcrop along a 
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5 km broad northwest-trending zone that extends 
from the rurai center of Savitaipaie across the 
northeastern part of the Suomenniemi batholith 
toward Pellosniemi (Appendix 4). In addition, 
some dykes are found to the northwest of the 
batholith. The majority of the dykes intrude the 
early Proterozoic rocks surromding the Suomen- 
niemi batholith; oniy three dykes have been 
found cutting granites within the batholith. 

The dykes contain as prirnary magmatic miner- 
als plagioclase (k,), olivine (Fo*,, not al- 
ways present), clinopyroxene (Wo,&n,,,, 
Fs~,-~,), Fe-Ti-oxides, and sporadic apatite 
along with trace amounts of zircon. Green and 
colourless clinoamphiboles, biotite, and serpen- 
tine are typical of dykes that show post-crystal- 
lization alteration. Some of the dykes also have 
minor amomts of interstitial quartz and/or alkali 
feldspar . 

Nearly all of the dykes have plagioclase 
phenocrysts, that usually amount to less than 
10%. The phenocrysts are normally 1 to 2 cm 

Fig. 14. Photomicrograph from a margin of a diabase dyke in the Suomenniemi s w m  showing fresh plagioclase 
and completely altered olivine phenocrysts. Sample OTR-87-164.P2 (Map 3141 OlD, x = 6805.69, y = 3508.19). 
Width of the figure corresponds to 2.4 cm. Crossed polars. 
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Fig. 15. Dhbase dyke with plagiociase spherulites at ~ehtoniemi, western part of the Suomenniemi complex (Map 3141 
OlC, x=6802.78. y=3506.88). (a) overview of the central part of the dyke, (b) close-up view of a sphenilite. Length of 
the scale bar is 10 cm. 

long, but also scattered plagioclase megacrysts such as the phenocryst-rich dyke centers in the 
(up to 15 cm in length) are often encountered in H h e  swarm proper (Laitakari, 1969) or ultra- 
the dykes. Two dykes have been found that con- basic cumulates described from the Subjotnian 
tain olivine phenocryst pseudomorphs (Fig. 14). dykes in southwestern Finland (Pihlaja, 1987), 
The groundmass texture of the dykes is general- have not been found in the dykes of the Suomen- 
ly subophitic. A dyke at Lehtoniemi, west of niemi swarm. 
Lake Yla-Kuhanen, contains plagioclase spheru- 
lites (5 to 10 cm across) in a coarse-grained 
subophitic matrix of plagioclase, clinopyroxene, Silicic - basic composite dykes 
olivine, and Fe-Ti -oxide (Fig. 15). 

The diabase dykes show little intra-dyke vari- The quartz-feldspar porphyry and diabase 
ation. Typicaiiy they have fine-grained to apha- magmas usually occur as separate dykes in the 
nitic margins, with a continuous increase in grain northwest trending fracture system. In a few in- 
size toward the center. One dyke shows evidence stances, however, they have intruded along the 
for multiple intrusion of basic magma, but in same fractures producing composite dykes. These 
general, indication of major intradyke variation, composite dykes (and also the alkali-feldspar 
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KORPIJARVI COMPOSITE DYKE 
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5m 

Fig. 16. (a) cross-section of the composite quartz-feldspar porphyry - diabase dyke north of Lake Korpijarvi, western 
part of the Suomenniemi wmplex (Map 3141 OlC, x=6800.04, y = 3507.53). Zones of xenocryst-free diabase (A), diabase 
with alkali feldspar and quartz xenocrysts (B), and intermingled diabase and quartz-feldspar porphyry (C) are indicated. 
(b) closer view of the lower mingled zone (C) showing diabase globules loaded with alkali feldspar and quartz xenocrysts 
as well as skeletal plagioclase phenocry'sts, and quartz-feldspar porphyry in between the diabase globules. Length of the 
scale bar is 10 cm. 
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diabases described in the chapter that follows) are 
the subject of an ongoing petrographic, geochem- 
ical, and mineralogicd study (Boyd & R-6, in 
prep.), and only a brief description of the dykes 
is given here. 

At the northwestern flank of the Suomennie- 
mi batholith, north of Lake Korpijawi, a 25 m 
wide composite dyke is found cutting a Svecofen- 
nian foliated granite. It has been briefly described 
by Pipping' (l956), Simonen and Tyrvainen 
(1981), and Ramö (1989a). The dyke, which can 
be traced in outcrops for a distance of about 
2.5 km, is composed of 3 m wide quartz-feldspar 
porphyry margins and a 15 m wide central oli- 
vine-free diabase (Fig. 16a). At the silicic-basic 
contacts, there are zones of mingled rock about 
2 m wide in which diabase with alkali feldspar 
and quartz xenocrysts and skeletal plagioclase 
phenocrysts forms globules surrounded by 
quartz-feldspar porphyry matrix (Fig. 16b). The 
alkali feldspar and quartz xenocrysts exhibit tex- 
tures caused by reaction with the surrounding 
basic magma: the alkali feldspar crystals have a 
micrographic margin and the quartz crystals are 
partly resorbed and mantled by amphibole. 
Going toward the center of the diabase portion, 
the alkali feldspar and quartz xenocrysts show, 
respectively, increasingly thick micrographic mar- 
gins and amphibole mantles, and diminish in size 
until finally disappearing altogether so that much 
of the central part of the diabase is devoid of 
these silicic components. 

At Kuusenhako, in the eastern part of the 
Suomenniemi complex, a different silicic-basic 
relationship is found. There a 20 m wide com- 
posite dyke with 1 m wide marginal olivine-free 
diabases and a central quartz-feldspar porphyry 
cuts rapakivi granites belonging to the Suomen- 
niemi bathoiith (Fig. 17). The diabase margins 
exhibit chilled contacts against the rapakivi gran- 
ite country rocks. The sharp and slightly sinu- 
ous contact between the diabase margins and the 
quartz-feldspar porphyry is also chilled. Quartz- 
feldspar porphyry apophyses intrude the diabase 
and mingle with basic material at the centre of 

the margins forming a 10-20 cm wide zone of 
hybrid rock. 

About 10 km southeast of the Kuusenhako 
dyke, on the island of Leinvihko near the rural 
center of Savitaipale, there is another composite 
dyke with diabase margins and a central quartz- 
feldspar porphyry. This was described in detail 
by Frosterus (1903); it differs from the dyke at 
Kuusenhako in having thicker diabase margins 
(3 to 4 m), and in lacking the zones of hybrid rock 
within the diabase margins. 

Ram6 (1989a) concluded that the sequences of 
intrusion of the silicic and basic magmas in the 
Korpijavi and Kuusenhako dykes were differ- 
ent. In the Korpijarvi dyke, silicic magma intrud- 
ed before basic magma, but the basic magma was 
emplaced before the silicic magma in the frac- 
ture was completely solidified. The hotter basic 
magma engulfed alkali feldspar and quartz 
phenocrysts from the crystallizing silicic magma 
and formed the zones of mingled rock. In the 
Kuusenhako dyke, the basic magma intruded first 
and was chilled against the surrounding rapaki- 
vi granites. The quartz-feldspar porphyry was 
emplaced when the central part of the diabase 
was still partially liquid, resulting in chilling of 
the residual basic magma against the cooler si- 
licic magma. Finally, the silicic magma intruded 
the inner chilled zones of the diabase margins, 
mingling to some extent with the still molten cen- 
tral parts of the margins. By analogy, the latter 
mechanism also applies for the Leinvihko dyke, 
but in it the silicic magma possibly intruded the 
fracture somewhat later: no mafic magma ap- 
pears to have been left within the basic margins 
as the quartz-feldspar porphyry apophyses in- 
trude the margins without forrning zones of 
mingled rock. 

Alkaii-feldspar diabases 

In addition to the diabase - quartz-feldspar 
porphyry composite dykes, interaction of basic 
,and silicic magmas in the Suomenniemi complex 



Fig. 17. Sketch map showing the geology of the composite diabase - quartz-feldspar porphyry dyke at Kuusenhako, eastern flank of the Suomen- 
nierni batholith (Map 3132 (BD, x= 67%.77, y = 3529.10). N w 
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Fig. 18. Photograph showing the northwestua exposcd part of the Kirkkovuori diabase dyke with 
alkaii feldspar megacrysts in the northun part of the Suomdemi  complci (Map 3141 OSA, 
x=6812.45, y = 3513.20). Some of the megacrysts are mantled with plagioclase. Length of the com- 
pass is 12 cm. 
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has also resulted in the intrusion of alkali- rapakivi granite country rock. 
feldspar diabases. In the Kirkkovuori area, 10 km The alkali feldspar diabases probably represent 
north of the Suomenniemi batholith, a 20 m wide intrusion of diabase magma into partly crystal- 
diabase dyke with an exposed length of 400 m lized rapakivi granite magma chambers in the 
cuts Svecofennian migmatites. The northwestern course of its passage through the Svecofennian 
end and the southeastern rims of the dyke con- crust (Ramö, 1989a). 
sist of alkali feldspar megacrysts (with an aver- 
age diameter of about 5 cm) in a fine-grained 
tholeiitic matrix (Fig. 18). The alkali feldspar The Lovasjam intrusion 
megacrysts are partly resorbed and some of them 
have plagioclase mantles. Along with the In the southwestern part of the Suomenniemi 
megacrysts, there are quartz xenocrysts as we11 complex at Lake Lovasjarvi, there occurs a 
as country rock xenoliths and rapakivi granite northwest-trending mafic intrusion that is cut by 
fragments. A conspicuous feature of the rock are rapakivi granites at both ends (Appendix 4). It 
pockets of intermingled quartz-feldspar por- has been described by Alviola (1981) and Siivola 
phyry, alkali feldspar megacrysts, and diabase (1977, 1987). The intrusion is a vertically dipping 
(Fig. 19). sheet-like pluton with a length of 5.4 km and 

Two diabase dykes with alkali feldspar width of 150 to 800 m. The northwestern part of 
megacrysts and quartz xenocrysts are found cut- it consists of melatroctolite (olivine cumulate with 
ting rapakivi granite at Niemenmaa in the east- intercumulus plagioclase and clinopyroxene) sur- 
central part of the Suomenniemi batholith (Ap- rounded by olivine-bearing diabase, while the 
pendix 4). These dykes are 1.5 and 3.5 m wide, central and southeastern parts are composed of 

l and show a more even distribution of alkali feld- medium- to coarse-grained olivine-free diabase. 
spar megacrysts and quartz xenocrysts than the The intrusion has caused local melting of the sur- 
Kirkkovuori dyke. The dykes exhibit strongly rounding Svecofennian granites and migmatites 
chilled, xenocryst-free contacts against the (Siivola, 1987). 

SAMPLING 

A total of 50 whole rock samples (29 silicic, 
21 basic) were analysed for Nd and Pb isotopes 
in the present study. In addition, 20 feldspar frac- 
tions (18 alkali feldspars, 2 plagioclases) were 
analysed for their Pb isotopic composition. 29 
of the whole rocks samples (16 silicic, 13 basic) 
were taken from the Suomenniemi complex in 
order to gain detailed information on the 
geochemical evolution of the complex. Further- 
more, 21 reference samples (13 silicic, 8 basic) 
were collected to cover most of the Finnish and 
Soviet Karelian batholiths and stocks, the gab- 
broic and anorthositic rocks associated with the 

Finnish intrusions, and the Hame diabase dyke 
swarm. 

All the samples analysed for Nd and Pb iso- 
topes were also analysed for their major and trace 
element contents (except three granite samples for 
which already published geochemical data is 
quoted). In order to get a more complete picture 
of the geochemical evolution of the Suomennie- 
mi batholith and the Suomenniemi diabase dyke 
swarm, major and trace element contents were 
determined on an additional 63 samples (42 si- 
licic, 21 basic). The locations (grid coordinates) 
of the samples collected from the Suomenniemi 
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Fig. 19. (a) photograph. (b) sketch of a pocket consisting of intermingled diabase, quartz-feldspar porphyry, 
and alkali feldspar megacrysts along with country rock xenoliths in the Kirkkovuori diabase dyke. The scale bar 
in (a) is 10 cm long. 
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complex are given in Appendices 1 and 2, and descriptions of those sarnples that were analysed 
they are also indicated in the appended map (Ap- for Nd and Pb isotopes as we11 as for their major i pendix 4). The following sections give short and trace element contents. 

Rapakivi granites 

Altogether 23 granite samples were collected 
for isotopic studies from the Suomenniemi, 
Wiborg, Laitila, Vehmaa, Åland, Siipyy, Salmi, 
and Sotjarvi intrusions. In addition, 32 samples 
from the Suomenniemi batholith were analysed 
for their major and trace element contents. Ten 
of the samples analysed for isotopes are from the 
Suomenniemi batholith representing the com- 
positional range from the most primitive to the 
most evolved granite types. The samples from the 
other intrusions were collected in order to include 
various granite types with accurate isotopic ages. 

the felsic silicate grains (quartz, feldspars). The 
granite was dated as 1641 12 Ma old by Vaas- 
joki et al. (1991). Samples A1044 and A1045 were 
taken farther from the outer contact of the 
batholith. They are more coarse-grained than 
sample A1043, show a little more biotite relative 
to hornblende, and also abundant fayalite relics 
within the hornblende grains. In addition, one 
sample, A1040, was analysed from the east-cen- 
tral part of the batholith. It is a coarse-grained 
biotite-hornblende granite also showing idding- 
site pseudomorphs after fayalite in the cores of 
the hornblende grains. 

Rapakivi granites of the Suomenniemi batholith Samples A1041 and A1042 were analysed from 
the coarse-grained biotite granite in the northern 

Two samples were analysed from the horn- part of the batholith. They are both slightly por- 
blende-clinopyroxene-fayalite granites of the 
Suomenniemi batholith. Sample A1130 is from 
the eastern part of the batholith at Sikolampi. 
It is a porphyritic, grayish brown rock (Fig. 7) 
consisting of scattered gray alkali feldspar 
phenocrysts (diameter 1 to 2 cm) in a medium- 
grained groundmass of alkali feldspar, quartz, 
oligoclase, fayalite, ferrohedenbergite, hastingsitic 
hornblende, ilmenite, fluorite, and zircon. The 
mafic silicates occur interstitially between the 
quartz and feldspar grains. The U-Pb zircon age 
of the sample is 1636 I 23 Ma (Vaasjoki et al., 
1991). Sample M415.4 is a medium-grained and 
equigranular grayish brown granite from the 
southern part of the intrusion. Mineralogically 
it resembles sample A1 130. 

Three sarnples were taken from the hornblende 
granites. Sample A1043 is a medium- and even- 
grained, dark red hornblende granite (Fig. 4) 
from the southeastern flank of the batholith. A 
conspicuous feature of this rock is the occurrence 
of anhedral poikilitic hornblende that encloses 

phyritic and show only biotite as the main mafic 
mineral, which occurs as anhedral crystals fill- 
ing the interstities between the quartz and feld- 
spar grains. The samples A1041 (equal to sam- 
ple A98 in Vaasjoki et al., 1991) and A1042 are 
dated as 1641 I 1 Ma and 163916 Ma old, 
respectively (U-Pb zircon ages; Vaasjoki et al., 
1991). 

Two samples were analysed from the topaz- 
bearing granites in the north-central part of the 
batholith. Sample A1097 is a pink, medium- 
grained aplitic rock with scattered quartz and 
alkali feldspar phenocrysts (Fig. 10a). The main 
mafic silicate is a weakly pleochroic mica. To- 
paz and fluorite amount to 1.8 and 1.0 vol%, 
respectively. The sample M664.2 (Fig. lob) is a 
coarse-graihed porphyritic topaz-bearing biotite 
granite showing an abundance of miarolitic cavi- 
ties. A conspicuous feature of the rock are large 
quartz phenocrysts (diameter 0.5 to 1 cm) that 
appear to be more abundant than alkali feldspar 
phenocrysts. 
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Rapakivi granites from the other intrusions 

Four sampies were analysed from the Wiborg 
batholith. Sampie Al8 is a dark-coloured 
clinopyroxene-fayalite-hornblende granite (tiri­
lite) from the northern part of the batholith (Fig. 
1). It is medium- to coarse-grained equigranular 
rock in which the mafic silicates occur as 
anhedral grains in the interstices of euhedral 
quartz and feldspar grains. The rock has been 
dated to be the oldest intrusive phase in the Finn­
ish part of the Wiborg batholith : its U-Pb zir­
con age is 1646 ±4 Ma (Vaasjoki et a1. , 1991). 
Sam pie A29b is a wiborgite (biotite-hornblende 
granite with oligoclase-mantled alkali feldspar 
ovoids) from the central part of the batholith . 
The wiborgite is younger than the tirilite A18 and 
has been dated as 1633 ± 1 Ma old (Suominen, 
1991). Two sampies (A524b, l/IH/89) were ana­
lysed from the Kymi stock in the west-central part 
of the Wiborg batholith. They are both evolved 
topaz-bearing granites showing lithian side­
rophyllite as the main mafic mineral (Haapala, 
1988). Sampie A524b is from the coarse-grained 
porphyritic granite that forms the bulk of the 
stock, while sampie 1/18/89 is from the even­
and medium-grained granite enclosing the por­
phyritic central granite. According to Vaasjoki 
(1977) the U-Pb zircon age of the Kymi stock is 
about 1640 Ma. 

Two sam pIes were analysed from the Laitila 
batholith. SampIe A606 is a biotite-hornblende 
granite (Tarkki granite) from the Eurajoki co m­
plex in the northern part of the batholith. It is 
a medium- to coarse-grained and equigranular 
rock with occasional fayalite (Haapala, 1977a) 
and has been found to be about 1570 Ma old 
(Vaasjoki, 1977). Sampie A690 (I-l i AV 166-73 
of Vorrna, 1976) comes from the marginal Ytö 
granite representing a young intrusive phase in 
the southern part of the Laitila batholith . The 
rock is a porphyritic biotite granite showing well­
developed alingment of alkali felds par pheno­
crysts (Vorrna, 1976, Fig. 21) and is dated as 
about 1540 Ma old (Vaasjoki, 1977). 

One sampie, A 710, was analysed from the 
Vehmaa batholith. lt is a coarse-grained anel 

equigranular leucocratic muscovite-biotite granite 
that contains also a little topaz. This rock was 
used by Vaasjoki (1977) to date the batholith, and 
was found to be about 1590 Ma old. It should 
be noted in this context that the U-Pb zircon ages 
of the Vehmaa and Laitila batholiths and the 
Kymi stock are based on only a few zircon frac­
tions and on the use of composite discordia lines 
(Vaasjoki, 1977) and hence they are less accurate 
than the U-Pb zircon ages of the other granites 
in this work, which are based on several fractions 
from each sampie (cf. Vaasjoki et a1., 1991). 

Sam pIes A295 and A 762 were analysed from 
the Äland batholith. They are both medium- to 
coarse-grained, slight ly porphyritic biotite­
hornblende granites showing a groudmass of 
graphically intergrown quartz and feldspar. Ac­
cording to Suominen (1991) the U -Pb zircon ages 
of the sampies are 1575 ± 11 Ma (A295) and 
1573±6 Ma (A762). 

Sam pie A373 was taken from the newly dis­
covered Siipyy pluton some one hund red km 
north of the Laitila batholith (Fig. 1). It is a 
coarse-grained and equigranular biotite granite 
with aU-Pb zircon age of 1562 ± 14 Ma (Idman, 
1989). 

Altogether three sampIes were analysed from 
the Soviet Karelian intrusions, Salmi and Sotjär­
vi. The sam pIes from the Salmi batholith are 
from the collections of the Petrological Museum 
of the University of Helsinki . SampIe 6896 is a 
slightly porphyritic, medium-grained topaz-bear­
ing biotite granite from Nietjärvi at the western 
margin of the batholith, while sam pIe 9202 is a 
coarse-grained porphyritic biotite granite from 
Kivenkulma also in the western part of the in­
trusion. In addition to the Salm i sampIes, a 
coarse-grained biotite granite IYL/ 79 was ana­
Iysed from the Sotjärvi batholith. This sam pIe is 
from the collections of 1. Laitakari and the ex­
act location of the sampIe is unknown. In order 
to caIculate the initial Nd isotopic composition 
of the Soviet Karelian sampIes, aU-Pb zircon age 
of 1540 Ma reported for the Salmi batholith by 
Suominen (1991) was used . 
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Alkali-feldspar syenites 

Of the seven alkali-feldspar syenite sampies 
listed in Appendix 1, two were analysed for their 
Pb and Nd isotopic composition. Sampie Allll 
was taken from the central part of a 6 m wide, 
northwest-trending, alm ost horizontal dyke at 
Heinlahdenniemi in the eastern part of the 
Suomenniemi batholith. It is a violet red coarse­
grained, slightly porphyritic rock consisting 
mainly of mesoperthite grains (diameter ca. 1 cm) 
and aggregates of deep-green aegirine-augite. 
Titanite, oxide, apatite, and zircon are also en­
countered, as are fine-grained groundmass albite 
and alkali feldspar (Fig. 12). The sampie Al111 
has a 207Pbj206Pb zircon age of 1629 ± 6 Ma 
(Vaasjoki et al., 1991). Sampie A1164 is from a 

northwest-trending, steeply dipping 4 m wide 
dyke that cuts a dark red biotite-hornblende gran­
ite at Kirvessalmi in the east-central part of the 
batholith. The rock consists of mesoperthite 
grains (2 to 5 mm in diameter) and interstitial 
aggregates of aegirine-augite (Fig. 11). Minor 
amounts of titanite, oxide, zircon, and melanite 
garnet are present. Intergranular albite is encoun­
tered between the mesoperthite grains. In addi­
tion to these two sampies, the isotopic composi­
tion of Pb was analysed for alkali feldspar frac­
tion from sampie M265.1 that is a hydrothermal­
Iy altered alkali-feldspar quartz syenite at Kirves­
niemi (Appendix 4). 

Quartz-feldspar porphyry dykes 

Nine sampies were analysed from the quartz­
felds par porphyry dykes in the Suomenniemi 
complex, four of them for their Nd and Pb iso­
topic composition. Sampie A21b is from the 
center of a 40 m wide dyke cutting a Svecofen­
nian microcline granite at Mentula, northwest of 
the Suomenniemi batholith. It shows rounded to 
angular alkali feldspar and quartz phenocrysts in 
a medium-grained granophyric groundmass. The 
U-Pb zircon age of the rock is 1638 ± 32 Ma 
(Vaasjoki et al., 1991). Sampie AI046 is from the 
central quartz-feldspar porphyry of the compos­
ite dyke at Kuusenhako. It has phenocrysts of 
alkali feldspar , quartz, and plagioclase, and a 
fine-grained granitic matrix with biotite as the 
main mafic constitutent. Sam pie All00 is from 
a more than 15 m wide dyke that cuts hornblende 

granite at Nikkari in the eastern part of the 
Suomenniemi batholith . It has alkali feldspar, 
quartz, plagioclase, and possible pseudomorphs 
after hornblende and biotite phenocrysts in a 
fine-grained granitic groundmass with horn­
blende and biotite as the mafic silicates. The U­
Pb zircon age of the rock is 1635 ± 2 Ma (Vaas­
joki et al., 1991). Sampie A1163 is from the 
quartz-feldspar porphyry in the Korpijärvi co m­
posite dyke northwest of the Suomenniemi 
batholith. It is composed of mainly quartz and 
alkali feldspar phenocrysts and has a fine-grained 
groundmass of quartz, feldspar , amphibole, and 
biotite . This quartz-feldspar porphyry has a U­
Pb zircon age of 1636 ± 16 Ma (Vaasjoki et al., 
1991 ). 

Diabase dykes and the Lovasjärvi intrusion 

Altogether 30 sam pIes were taken from the were selected for isotopic analyses. From two 
Suomenniemi diabase dyke swarm, nine of which whole rock sam pies plagioclase fractions were 
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separated and their Pb isotopic compositions 
were measured in order to estimate the initial Pb 
isotopic composition of the dyke magmas. The 
sampies were selected to cover the anticipated 
compositional variation in the swarm, and they 
are believed to represent the average composition 
of the individual dykes, because the dykes are 
rather narrow (generally not more than 20 m 
wide) and usually show no evidence of magmatic 
layering or other major features of intradyke 
chemical differentiation. 

Sampie A1063 is from a porphyritic diabase 
dyke at Leppäniemi, 4 km north of the Suomen­
niemi batholith. The dyke is about 5 m wide, and 
has tabular plagioc1ase phenocrysts (5-10 volOJo, 
maximum length 3 cm) in a medium-grained 
subophitic matrix with plagioc1ase (An60) , 

c1inopyroxene (W041En34Fs2S)' olivine (F0so), and 
oxide. Sampie A1064 was taken from 40 to 
50 m wide, medium to coarse-grained diabase 
dyke at Marttila, 8 km east-southeast of the 
Suomenniemi batholith. The groundmass is 
subophitic with plagioclase (An6S )' clinopyrox­
ene (W036En36Fs2S), olivine, ilmenomagnetite, 
and ilmenite and contains scattered plagioclase 
phenocrysts (~7 cm in length). Sampie Al101 
is a medium- to coarse-grained diabase from a 
20 m wide dyke at Palvaniemi, 4 km east of the 
Suomenniemi batholith . It is subophitic with 
plagioclase, clinopyroxene, olivine, ilmenomag­
netite and ilmenite; scattered plagioclase 
phenocrysts (up to 3 cm in length) also occur. 
Sam pie Al102 is from the groundmass of a 
20 m wide diabase dyke at Lehtoniemi, 4.5 km 
northwest of the Suomenniemi batholith. The 
sampie is coarse-grained and has a subophitic to 
diabasic texture; plagioclase, clinopyroxene, oli­
vine, oxide, and apatite occur along with inter­
stitial quartz and alkali feldspar. This dyke has 
scattered plagioclase spherulites (5 to 10 cm in 
diameter , about six spherulites per m2; see Fig . 
15). Sampie A1098 is from a medium to fine­
grained, 5 m wide dyke at Ostolahti , 13 km 
north-northwest of the Suomenniemi batholith . 
It is subophitic with plagioclase, clinopyroxene, 

olivine, and needles of oxide and apatite. Sam­
pIe A1118 is from a medium-grained diabase at 
Tammela 4 km northwest of the Suomenniemi 
batholith. It is subophitic with plagioclase, oli­
vine, clinopyroxene, and oxide along with some 
scattered plagioclase phenocrysts (maximum 
length 2.5 cm). Sampie A1047 is a porphyritic 
diabase from the composite dyke at Kuusenhako, 
eastern flank of the Suomenniemi batholith. It 
has scattered plagioclase phenocrysts ( < 5 vol %, 
0.5 to 1 cm in length) that are embedded in a fine­
grained matrix of plagioclase, uraIitic amphibole, 
biotite, and oxide needles. Sampie A1068 is a 
plagioclase-phyric diabase from the Leinvihko 
composite dyke at Savitaipale, 6 km east-south­
east of the Suomenniemi batholith. Petrographi­
caIly it is like A1047. Sampie 35.1 is from a ~ 7 m 
wide diabase at Vierivänvuori 0.5 km north of 
the Suomenniemi batholith. It is fine-grained and 
shows a diabasic texture with plagioclase, 
clinopyroxene, and oxide; scattered plagioclase 
phenocrysts (maximum length 5 cm) and quartz 
xenocrysts mantled by amphibole also occur. 

None of the nine diabase sampies from the 
Suomenniemi swarm were dated by U-Pb on zir­
con or baddeleyite (an attempt was made to 
separate zircon from sam pie A1064, but the yield 
was too low for conventional U-Pb zircon work). 
Nevertheless, geological evidence coupled with 
the ages of the Lovasjärvi intrusion and the Kor­
pijärvi composite dyke (Siivola, 1987; Vaasjoki 
et aI., 1991) constrain the age of the dykes to 
1640±5 Ma. 

Two sampies were analysed from the Häme 
swarm, representing two successive magmatic 
events (ca. 1665 and 1645 Ma) in this multiple 
dyke set (Vaasjoki & Sakko, 1989). Sampie 
A808a is from a more than 100 m wide diabase 
dyke at Kasiniemi, Padasjoki (Laitakari, 1969). 
The sampie is subophitic with plagioclase, oli­
vine, clinopyroxene, oxide, and apatite as weIl 
as scattered plagioclase phenocrysts (up to 2 cm 
in length). The U-Pb zircon age of the dyke is 
1646 ± 6 Ma (Laitakari, 1987) . Sam pie Al13S is 
from a 50 m wide dyke at Virmaila, Padasjoki 



belonging to the older magmatic event. It is 
medium-grained and subophitic with plagiocIase, 
olivine, cIinopyroxene, oxide and apatite, and has 
been dated to be 1667 ± 9 Ma old by Vaasjoki and 
Sakko (1989). 

Two sampies were also taken from the Lovas­
järvi intrusion. Sam pie AI069 is a coarse-grained 
diabase at Matula in the central part of the in­
trusion. It is subophitic with plagiocIase, 
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cIinopyroxene, oxides, and apatite as primary 
magmatic minerals. The diabase has been dated 
as 1643 ± 5 Ma old (Siivola, 1987). Sampie A1l29 
is a medium-grained melatroctolite at Ojasuo 
in the northwestern part of the intrusion. It 
has cumulus olivine (Foss) with intercumulus 
plagiocIase (An43_ S7) and cIinopyroxene 
(W042En40FsIS) (Siivola, 1987; J. Siivola, pers. 
commun., 1991). 

Gabbroic and anorthositic rocks 

Eight sam pies were coIIected from the Finn­
ish gabbroic and anorthositic rocks in order to 
cover their temporal range (from 1.65 Ga in 
southeastern Finland to 1.57 Ga in southwestern 
Finland) and compositional variation. The gab­
broic and anorthositic rocks associated with the 
Salmi batholith (Fig. 1) were not analysed for the 
present study. They are the subject of an isotopic 
study carried out for the Salmi complex by Ney­
mark et al. (in prep.). 

Three sam pies (olivine gabbro Al11O, leu­
cogabbronorite A118, and anorthosite MH87a) 
were analysed from the Ahvenisto gabbro­
anorthosite complex. The olivine gabbro AlllO 
is located in the eastern part of the complex, 
northeast of Lake Sarvilampi. It is an even- and 
coarse-grained rock consisting of euhedral 
plagiocIase crystals (0.5 to 1 cm in length), poi­
kilitic olivine (FoS3)' minor interstitial 
cIinopyroxene, oxide, and a little alkali feldspar. 
The anorthosite sam pie MH87a was taken from 
an anorthosite leus (50 by 120 m2) embedded in 
gabbronorite in the northern part of the complex, 
north of Lake Pitkäjärvi. The leus has a sharp 
contact against the surrounding gabbronorite and 
consists of aschistose medium- to coarse-grained 
plagiocIase-dominated matrix and scattered 
plagiocIase megacrysts up to 15 cm in length (cf. 
Johanson, 1984). Some orthopyroxene and 
cIinopyroxene are also present, the former being 
more abundant. Interstitial alkali felds par and 

quartz also occur. The leucogabbronorite A1l8 
from Nurmaa in the southeastern part of the Ah­
venisto complex was originally collected by Vaas­
joki (1977) in order to isotopically date the com­
plex. It is a coarse- and even-grained rock with 
euhedral plagiocIase crystals 0.5 to 2 cm in dia­
meter. The main mafic mineral is orthopyroxene; 
cIinopyroxene and a little olivine are present, as 
are minor amounts of quartz and alkali feldspar. 
A zircon 207Pbj206Pb age of 1645 ± 5 Ma was 
reported for the rock by Vaasjoki at al. (1991). 

Two sam pies (leucogabbro A1048 and gab­
bronorite AI048b) were analysed from the 
Väärälampi gabbro-anorthosite body on the 
northwestern flank of the Suomenniemi batholith 
(Appendix 4). The leucogabbro AI048 is hetero­
geneous with euhedral plagiocIase crystals from 
0.5 to several cm in length and interstitial 
amphibole and chlorite after pyroxene. The 
gabbronorite AI048b shows scattered plagiocIase 
phenocrysts set in a medium-grained hypidio­
morphic matrix of plagiocIase (Anss), or­
thopyroxene (W02En39FsS9), cIinopyroxene 
(W026En3SFs39), biotite, amphibole, and oxide. 
So me interstitial quartz is also found. This 
sampie was used to date the pluton by Vaasjoki 
et al. (1991) who reported an V-Pb zircon age of 
1636 ± 14 Ma for the rock. 

Sampie A1l9 is a leucogabbronorite from an 
anorthositic incIusion (1 by 2 km2) in the central 
part of the Wiborg batholith (Sirnonen, 1979b). 
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It is a coarse-grained equigranular rock with 
euhedral spectrolite (iridescent labradorite) crys­
tals 0.5 to 1 cm in length and interstitial or­
thopyroxene and clinopyroxene, the former be­
ing more abundant than the latter. Minor alkali 
feldspar and quartz also occur. The U-Pb zircon 
age of the rock is 1633 ± 1 Ma (Suominen, 1991). 

The younger (1.57 to 1.58 Ga old) gabbroic 
and anorthositic rocks of southwestern Finland 
were sampled at two sites. The sampie A691b 
(311b/ AV / 68) is from the Kolinummi intrusion 
southeast of the Laitila batholith. It is a medium­
to coarse-grained, slightly porphyritic gab­
bronorite with approximately equal amounts of 
orthopyroxene and clinopyroxene. A conspicu-

ous feature are interstitial micrographic inter­
growths of quartz and alkali feldspar. One sam­
pie, 7890, was analysed from an anorthosite on 
the island Höggrund in the western part of the 
Aland rapakivi granite batholith (Sederholm, 
1934; Bergman, 1979). The anorthosite body 
(originally called ossipite-diabase by Sederholm, 
1934) is found, together with a Svecofennian 
foliated granite, in an inclusion that is at least 
300 macross and surrounded by rapakivi gran­
ite. Sampie 7890 is coarse-grained equigranular 
leucogabbro with euhedral plagioclase crystals (1 
to 2 cm in length) and interstitial clinopyroxene, 
ilmenomagnetite, and quartz. 

ANALYTICAL PROCEDURES 

General geochemistry 

The sam pies were analysed for major and 
minor components by XRF at X-Ray Assay 
Laboratories Ltd (Canada). A few analyses were 
also made at Rautaruukki Oy (Finland) and at 
the Geological Survey of Finland. Most of the 
processed silicic sampies weighted severaI kilo­
grams each, while the basic sampIes were usual­
ly 1 to 2 kg. Most of the basic sampies and some 
of the silicic ones were crushed and milled in 
agate mill (see specifications in Appendices 1 and 
2); the extra Si02 thus introduced is estimated 

to be :s 0.30/0. Most of the silicic sampies (see Ap­
pendix 1) were crushed and milled in a chrome 
steel mill that may have introduced up to 0.15% 
extra Fe. Ferrous iron was determined by potas­
sium dichromate titration, and fluorine (for the 
silicic sampies) by an ion specific electrode. For 
the silicic sampies, fluorine-free c.I.P.W. norms 
were calculated. In order to avoid complications 
arising from variable oxidation states of the basic 
rocks, their C.1. P. W. norms were calculated after 
normalizing iron ratios to Fe2+ = 0.85Fetotal • 

Nd and Pb isotope geochemistry 

Nd and Pb isotopic analyses were performed 
at the Unit for Isotope Geology, Department of 
Petrology, Geological Survey of Finland . About 
200 g of rock material split into small pieces was 
washed with clean water in an ultrasonic bath and 
milled in an iron pan in a swing-mill. 200 to 
300 mg of sampIe powder was dissolved in a 

teflon bomb at 180 °C for a few days using a 
HF - HN03-mixture. After evaporation the 
sampie was dissolved in a second treatment with 
HCI. The clear solution thus obtained was ali­
quoted and about one fourth was spiked with 
m U, 206Pb, and 149Sm - 145Nd tracers. Pb was 

purified according to the anion exchange -



anodic electrodeposition procedure of Gulson 
and Mizon (1979). U was purified by convention­
al HCl anion exchange (Krogh, 1973), combined 
with hexone extraction. The alkali feldspar frac­
tions (200 mg) and plagioclase fractions (500 to 
700 mg) were first washed with dilute HCI and 
clean water in an ultrasonic bath. Thereafter they 
were bathed overnight in a 1: 1 mixture of HF and 
HN03 and then digested on a hot plate. The 
residue was converted to bromide and was puri­
fied for lead according to the method of Gulson 
and Mizon (1979). Chemical separation and 
purification of Sm and Nd was performed by 
anion exchange chromatography in methanol­
based solutions (the method is described in detail 
by Huhma, 1986). The measured procedural 
blanks were generally on the order of 0.5 ng for 
Nd and 5 ng for Pb. 

Isotopic ratios of Sm, Nd, Pb, and U were de­
termined using two non-commercial Nier-type 
mass spectrometers built at the Geological Sur­
vey of Finland. Pb and U were loaded on single 
Re filaments with silica-gel and Ta20 S' respec­
tively. Sm and Nd were loaded on tripie or double 
Re or Ta filaments with HP (sometimes, in 
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search of a more stable emission, also with 
diluted H3P04). A mass fractionation correction 
of +0.080/0 per a.m.u. was made to normalize 
the Pb isotopic ratios to SRM981 Pb standard, 
and the reported ratios are averages of two mass 
spectrometer runs (replicate dissolutions were 
also carried on a few sampies) . Nd isotopic ra­
tios were normalized to 146Nd/ 144Nd = 0.7219, 
and 250 to 500 ratios were measured to compute 
each reported 143Nd/ 144Nd ratio. The mean 
143Nd/ 144Nd ratio of six runs of La Jolla Nd 
standard was 0.511854 ± 18 (1 S.O. to the sixth 
decimal) and the control 14SNd/ 144Nd ratio 
0.348404± 13 (1 S.O .). The average of the 
14SNd/144Nd ratios of the analyses given in 
Tables 3 and 4 is 0.348406 ± 20 (1 S.O.). One 
measurement of BCR-l yielded 143Nd/ 144Nd 
ratio of 0.512640±21 (20m) and Sm/ Nd ratio of 
0.2288 (Nd = 28 .7 ppm) and one measurement of 
JB-l (Geological Survey of Japan Basalt Stan­
dard) 143Nd/ 144Nd ratio of 0.512773 ±24 (20 m) 

and Sm/ Nd ratio of 0.1923 (Nd = 25.7 ppm). The 
147Sm/ 144Nd ratios are estimated from duplicate 
analyses to be correct within 0.4% . 

GENERAL GEOCHEMICAL CHARACTERISTICS OF THE RAP AKIVI GRANITES AND 
RELA TED BASIC ROCKS 

Silicic rocks and alkali-felds par syenites 

The rapakivi granites of southeastern Fen­
noscandia exhibit several compositional features 
that make them distinct from other granite suites. 
These include high Si02, K20, F , Rb , Ga, Zr, 
Hf, Th, U, and REE (except Eu) abundances as 
weIl as high Fe/ Mg and K/ Na ratios, and low 
abundances of CaO, MgO , A120 3, P20 S' and Sr 
(Sahama, 1945; Vorrna, 1976; Haapala, 1977a; 
Nurmi & Haapala, 1986). Furthermore, the 
youngest intrusive phases are often strongly 
anomalous topaz-bearing granites showing 10-
wered K/ Na ratios , extreme enrichments in F, 

Ga, and Rb, elevated Sn abundances, strong 
depletions in Ba and Sr, and flat normalized 
REE-patterns (as opposed to the LREE-enriched 
patterns normally encountered; Haapala, 1977a). 
In regard to alumina saturation, the rapakivi 
granites are generally metaluminous or, especially 
the late-stage granites, slightly peraluminous . 
They also show alkaline affinities (e.g ., relative­
ly high Na20 + K20 contents), yet no peralkaline 
granites have been found in the southeastern Fen­
noscandian intrusions. 
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Rapakivi granites and quartz-feldspar porphyry 
dykes 

Compositional data for the rapakivi granites, 
quartz-feldspar porphyry dykes, as weil as the 
a1kali-feldspar syenites dealt with in this study are 
given in Appendix 1, Table 1, and Figs. 20 
through 23. The granites and quartz-feldspar por­
phyry dykes show the typical compositional fea­
tures of rapakivi granites outlined above. They 
have a relatively wide span of Si02 contents 
ranging from 63.0 to 77.0 wtOJo, and 68.0 to 75.2 
wt%, respectively, and have a common average 
of 71.0 wt% Si02• They exhibit high and rela­
tively constant Fe/ (Fe + Mg) ratios (Fig. 20a), 
and relatively high alkali contents (the sums of 
NazÜ and KzÜ are conunonly around 8 to 9 wt%, 
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100 ppm, Sr from < 10 to 233 ppm, Hf from 3 
to 28 ppm, Zr from 29 to 1160, and Y from 12 
to 164 ppm. Notable also are the relatively high 
Zn abundances (25 to 181 ppm, average 96 ppm) 
in the granites and quartz-feldspar porphyry 
dykes which seem typical of these rocks, as are 
the enrichments in other incompatible trace ele­
ments. Distinctive compositional features of these 
rocks are also the high Ga/ Al ratios (IOOOO*Ga/ 
Al averages 3.69) and high K/ Na ratios (average 
1.89), as weil as large ranges in the Rb/ Ba and 
Rb/Sr ratios (0.08 to 10.93 and 0.65 to 60.08, 
respectively) . 

REE abundances in selected granites and 
quartz-feldspar porphyry dykes are shown in 
Table 1 and their chondrite-normalized REE­
patterns are plotted in Figs. 21a and b, respec-
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tively. Three low-silica granites (sampies A18, 
A1130, and A1043) exhibit almost identical pat­
terns that are enriched in the LREE (LaN = 267 
to 299, [La/ Yb lN = 8.47 to 11.17) and show 
weak negative Eu anomalies ([Sm/ EulN = 1.94 
to 2.15). A biotite granite (sampie A1041) from 
the Suomenniemi batholith shows stronger 
enrichment in the LREE ([La/ YblN= 16.53, 
LaN = 648) and a more distinct negative Eu 
anomaly ([Sm/EulN = 8.83). A topaz-bearing 
granite (sampie A1097) from the Suomenniemi 
batholith has a rather flat REE-pattern 
([La/ YblN = 1.28, LaN = 91) and a very pro­
nounced negative Eu anomaly ([Sm/ EulN = 

32.23). This pattern is similar to those of the 
topaz-bearing Väkkärä granites of the Eurajoki 
complex in southwestern Finland (Haapala, 

Table 1. Rare earth element contents (in ppm) and ehondrite-normalized La/Yb and Sm/ Eu ratios of seleeted granites, 
quartz·feldspar porphyries, and alkali-feldspar syenites. 

Granites Quartz·feldspar porphyries A1kaJi-feldspar syenites 

SampIe A18 Al130 A1043 A1041 AI097 A1100 062.1 A1111 Al164 

La 92.8 82.9 90.7 201 28.1 127 172 72.9 136 

Ce 191 177 183 418 73.2 264 319 140 288 

Pr 23.8 24.7 21.7 48.2 8.6 32.8 35.2 16.4 37.6 

d 93.43 95.80 82.64 174.0 30.95 115.6 123.0 60.10 126.2 

Sm 18.00 18.11 15.43 30.21 8.55 20.52 18.40 10.80 25.24 

Eu 3.16 3.23 3.00 1.29 0.10 2.35 0.92 1.79 3.04 

Gd 15.5 15.5 13.5 21.7 7.4 16.7 15.1 8.6 22.9 

Tb 2.2 2.3 1.9 3.0 1.6 2.6 2.5 1.3 3.4 

Dy 11.9 13.0 12.6 18.0 13.6 15.2 16.6 8.1 20.9 

Ho 2.51 2.59 2.32 3.12 3.19 3.02 3.28 1.57 4.42 

Er 6.5 7.1 6.4 8.8 10.7 8.9 9.9 4.9 12.5 

Tm 0.9 0.9 0.8 1.1 1.8 1.2 1.4 0.5 1.7 

Yb 5.6 6.6 6.1 8.2 14.8 8.6 10.8 5.2 12.3 

Lu 0.73 0.94 0.95 1.14 2.19 1.20 1.52 0.71 1.70 

a 
(La/Yb):-,r 11.17 8.47 10.02 16.53 1.28 9.96 10.74 9.45 7.45 

a 
(Sm/ Eu)N 2.15 2.11 1.94 8.83 32.23 3.29 7.54 2.27 3.13 

Note: Nd and Sm by ID (except for sampIe 062.1) at the Unit for Isotope Geology, Geologieal Survey of Finland; the 
other elements (as well as Nd and Sm for sam pIe 062.1) by ICr /MS at X-Ray Assay Laboratories Ltd (Canada). 

a normalizing values are 0.31 for La, 0.209 for Yb, 0.195 for Sm, and 0.0735 for Eu (Boynton, 1984). 
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1977a, 1988). The REE-patterns of two quartz­
feldspar porphyry dykes from the Suomenniemi 
complex (sampies AI100 and 062.1 , Fig. 21b) 
exhibit similar (La/ Yb)N ratios (9.96 and 10.74, 
respectively) as the low-silica granites in Fig. 21a, 
but have higher element abundances (LaN = 410 
and 555) and deeper Eu minima ([Sm/ EulN 3.29 
and 7.54). These characteristics are rather similar 
to those reported for the rapakivi-age granite 
porphyry dykes of Sipoo to the west of the 
Wiborg batholith (Törnroos, 1984) and a granite 
porphyry dyke associated with the Laitila 
batholith (Vorrna, 1976). 

Alkali-feldspar syenites 

Although volumetrically minor, the alkali­
feldspar syenite dykes found within the Suomen­
niemi complex demostrate that also peralkaline 
felsic rock types are associated with the south­
eastern Fennoscandian rapakivi granite batho­
liths. The Si02 contents of the seven analysed 
dykes range from 57.3 to 64.5 wtOJo. Consonant 
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from 16 to 30 ppm, Zr from 433 to 867, Y from 
66 to 151 ppm, and Zn from 94 to 207 ppm 
(Appendix I). 

REE abundances and chondrite-normalized 
REE-patterns of two alkali-feldspar syenites 
(sampies AIIII and AI064) are shown in Table 
I and in Fig. 21b, respectively. The sampie AIIII 
has a (La/ Yb)N ratio of 9.45 and a (Sm / Eu)N 
ratio of 2.27, which are similar to those of the 
low-silica granites in Fig. 21a, but has somewhat 
lower element abundances (LaN = 235). In con-

1000 r-----------------------------------, 

E 
Cl. 
E: 
.tJ 
Z 

100 

10 

1 
56 

WPG+ORG(b) 

o 

v 

VAG + COLG + ORG (a,c,d) 
a) 

60 64 68 72 76 80 

1000 r-----------------------~------__. 

E 
0-
E: 
.tJ 
a:: 

100 

10 

1 
56 

. WPG 0 OO~ 0 

:. :.> .... ~~~ 
~'- ~ w \ . +?.. Q> <9 ",, - COLG .. ' . . ..... . 

VAG 

ORG 

c) 

60 64 68 72 76 80 
Si02 (wt"lo) 

Geologieal Survey of Finland, Bulletin 355 43 

trast, sampie AI164 is less enriched in the LREE 
([La/Yb JN = 7.45) but shows higher element 
abundances (LaN = 439) and a more pronounced 
negative Eu anomaly ([Sm/ EuJN = 3.13). 

Tectonomagmatic affinities and typology 

Pearce et al. (1984) presented a set of tec­
tonomagmatic discrimination diagrams purpor­
ing to indicate the tectonic setting of granitoid 
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rocks on the basis of their trace element abun­
dances . Utilizing data on Phanerozoic granites 
of known tectonic settings, they compiled dia­
grams using the abundances of Y, Nb, Rb, and 
Ta, and showed that a distinction can be made 
between ocean ridge granites, vo1canic are 
granites, within plate granites, and syn-collison 
granites, but not necessarily between the latter 
three and post-collision granites. Although the 
diagrams were constructed on the basis of com­
positional data on Phanerozoic granites, they can 
probably be used to gain some indication of the 
tectonic setting of Proterozoie granitoid rocks as 
weil (Pearce et al. , 1984) . 

Fig. 22 shows the composition of the silicic 
rocks and the alkali-feldspar syenites of this study 
plotted in the Nb vs. Si02, Nb vs. Y, Rb vs. 
Si02, and Rb vs . Y + Nb discrimination dia­
grams of Pearce et al. (1984) . In each diagram, 
the silicic rocks plot alm ost exc1usively in the 
within plate granite space. The alkali-feldspar 
syenites also plot in the within plate space. It 
should be noted, however, that as the diagrams 
were constructed for rocks with more than 5OJo 
modal quartz, they may not, in principle, be 
applicable for these low-silica rocks. Because 
post-collisional granites plot in all but the ORG 
space in the Nb vs. Y and Rb vs. Y + Nb diagrams 
(Figs. 22b and d) and because they are transi­
tional between syn-COLG and V AG in the Rb 
vs. Si02 diagram (Fig. 22c), the tectonic affinity 
of the rapakivi granites can not be unambiguous­
Iy discerned by these data. 

Whalen et al. (1987) postulated that A-type 
granites (alkaline, anorogenic, and anhydrous 
granites possibly derived from residual crustal 
sources; ColIins et al., 1982; see also Loiselle & 
Wones, 1979) can be differentiated from M-, 1-, 

and S-type granites (derived by fractionation of 
mantle-derived magma (M), or by melting of 
igneous (I) or sedimentary (S) crustal protoliths; 
see Chappell & White, 1974; White, 1979) on the 
basis of their high Ga/ AI ratios and high con­
tents of large ion lithophile elements such as Y, 
Ce, Nb, and Zr. Fig. 23 shows the compositions 
of the silicic rocks and the alkali-feldspar syenites 
plotted in the (K20 + Nap)/CaO vs. Ga/ AI, 
FeO* / MgO vs. Ga/ AI, Agpaitic Index vs. 
Ga/ AI, Zr vs. Ga/ AI, Nb vs. Ga/ AI, Ce vs. 
Ga/ AI, Y vs. Ga/ Al, and Zn vs. Ga/ Al diagrams 
of Whalen at al. (1987) . As is evident from these 
plots, the rapakivi granites and quartz-feldspar 
porphyries clearly exhibit higher Ga/ AI ratios 
than those observed for the M-, 1-, and S-type 
granites in general. Practically all the granites and 
quartz-feldspar porphyry dykes plot in the space 
of A-type granites (one of the more fractionated 
quartz-feldspar porphyry dykes falls in the space 
of M-, 1-, and S-type granites in Figs . 23a and 
h). The picture for the alkali-feldspar syenites is 
not so clear. The bulk of the data plot in the A­
type space, but in the (K20 + Na20)/ CaO vs. 
Ga/ AI, FeO* / MgO vs. Ga/ AI, Y vs. Ga/ AI, and 
Zn vs. Ga/ AI diagrams (Figs . 23a, b, g and h) 
a few of them plot in the space of M-, 1-, and 
S-type granites. 

To summarize, the discrimination diagrams of 
Figs. 22 and 23 suggest that the rapakivi granites 
(and the quartz-feldspar porphyry dykes and 
alkali-feldspar syenites) share compositional 
characteristics with Phanerozoic granites intrud­
ed in within plate and post-collisional tectonic set­
tings and that they also exhibit typical composi­
tional features of the Phanerozoic A-type 
granites (cf. Haapala & Rämö, 1990; Rämö & 
Haapala, 1991). 

Basic rocks 

The chemical composition of the diabases, the Diabase dykes and the Lovasjärvi intrusion 
sampies from the Lovasjärvi intrusion, and the 
gabbroie and anorthositic rocks are presented in The diabases of the Suomenniemi and Hä-
Appendix 2, Table 2, and Figs. 24 through 31. me swarms are evolved Fe-rich tholeiites. In 
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Na20 + K20 vs. Si02 diagram (Fig. 24) they 
show transitional character plotting partly in the 
alkaline and partly in the subalkaline fjeld. Most 
of the analysed dykes are true basalts; their Si02 

content ranges from 45.9 to 53.6 wtOJo and aver­
ages 48.9 wtOJo. All the dykes are hypersthene­
normative showing high Hy/ (Hy + Di) ratios be­
tween 0.434 and 0.934 (average 0.746). A distinc­
tive feature of the dykes is their variable silica 
saturation: the dykes range from olivine tholeiite 
to quartz tholeiite in normative composition (Fig. 
25). This is also reflected in the mineralogy of 
the dykes, as those with high normative quartz 
lack modal olivine. Some of the olivine tholeiitic 
dykes have up to 18.5 wtOJo AlP3 which may be 
due to the dykes being slightly cumulus-enriched 
with respect to plagioclase . 

The Fe-enriched character of the dykes cor-

Diabase dykes: 

responds with their very low Mg numbers (25.9 
to 49.8, average 40.2). Some of the dykes also 
show evidence of strong postmagmatic oxidation 
having Fe20 / FeO ratios equalling or even ex­
ceeding one (Appendix 2). In Nap + KP­
FeO-MgO diagram (Fig. 26), they plot in the 
tholeiitic field and fall far away from the MgO­
apex . CaO content of the dykes varies between 
5.97 and 8.77 wt% and the relatively low nor­
mative An/ (An + Ab) ratios (0.461 to 0.578, 
average 0.526) are compatible with the overall 
evolved character of the dyke magmas. The ana­
lysed sampies show relatively high Ti02 (1.83 to 
3.17 wtOJo) and PPs (0.41 to 1.31 wtOJo) abun­
dances. In tectonomagmatic diagrams based on 
major element variations the diabase dykes show 
a continental character: in the Ti02-K20-
P20 S diagram of Pearce et al. (1975) they plot in 
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the alkaline and subalkaline fields is from Irvine and Baragar (1971). The sam pIe A 1129 (melatrocto1ite cumu1ate 
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Fig. 26. Chemical analyses (Appendix 2) 
of the diabase dykes and the Lovasjärvi 
intrusion plolled in Na20 + Kp-FeO­
MgO (AFM) diagram . Line separating the 
tholeiitic and calc-alkaline fields is from 
Irvine and Baragar (1971). Symbols are as 
in Fig . 24. 
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Fig. 27 . Chemical analyses (Appendix 2) of the diabase dykes and the Lovasjärvi intrusion plotted in (a) the K,O­
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as in Fig. 24. 

1000 

g 100 
't: 
'C 
C 
o 
.r:. 
(,) 
......... 
,::,t. 
o 
o 
a: 10 

1 

I Diabase dykes & Lovasjärvi I 

Suomenniemi swarm 
n:5, (LnIYb)N:5.94 \ 

Al069;::{ 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Vb Lu 
Fig. 28. Rare earth element analyses of the diabase dykes and the Lovasjärvi intrusion listed in Table 
2 (excluding Tb and Tm) normalized against chondrite composition. 



the non-oceanic field (Fig. 27a) and in the 
MgO-FeO-AI20) diagram of Pearce et al. 
(1977) most of them fall in the continental space 
(Fig. 27b). 

The two sampies from the Lovasjärvi intrusion 
differ from the dykes in having lower Si02 and 
high er Ti02 abundances. Otherwise, the compo­
sition of sampie A1069, a coarse-grained diabase 
from the central part of the intrusion, is rather 
similar to the more evolved diabases of the 
Suomenniemi and Häme swarms. Sampie A1129, 
the melatroctolite cumulate from the north­
western part of the intrusion, is very low in Si02 

(37.0 wtOJo) and very high in Fe and Mg, and 
shows over 50 % olivine in the norm. In the Mg 
number of the melatroctolite (53.9) is , however, 
only slightly higher than those of the Subjotnian 
dykes. 

In accordance with the low Mg numbers of the 
dykes, their compatible trace element contents 
are very low (Appendix 2). For example, Ni 
ranges from 17 to 82 ppm (average 31 ppm) and 
Cr varies between 13 and 85 ppm (average 41 
ppm). In contrast, the melatroctolite cumulate 
from the Lovasjärvi intrusion has very high con­
tents of Ni (395 ppm) and Cr (1190 ppm), con­
sistent with its cumulate origin. The abundances 
of incompatible trace elements are high as com­
pared to basalts in general; for example, Rb con­
tents range from 33 to 91 ppm (average 51 ppm) 
and Zr contents from 146 to 463 ppm (average 
252 ppm). The dykes show also relatively high 
contents of the REE (Table 2, Fig. 28). Chon­
drite-normalized REE-patterns are moderately 
enriched in the LREE with a mean (La/ Yb)N 
ratio of 5.94 and LaN 131 times chondrite (de­
termined for five dykes spanning the composi­
tional range; Table 2). The diabase A1069 from 
the Lovasjärvi intrusion has LaN of 129, while 
that for the melatroctolite A1129 is 35.2. On the 
average, the Lovasjärvi sampies have slightly 
higher (La/ Yb)N ratios than the analysed dia­
base dykes (Fig. 28). 

The chemical features outlined above are 
roughly similar to those described from Precam-
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brian mafic dyke swarms from the U.S.A. (Ham­
mond, 1986; Green et al. , 1987), Canada (Con­
die et al. , 1987), Scotland (Weaver and Tarney, 
1981), and Australia (Mortimer et al. , 1988). 
They also have much in common with the 
Phanerozoic continental flood basalts (e.g., 
Basaltic Volcanism Study Project, 1981). This is 
shown by the incompatible element plot in Fig. 
29 in which the diabase dykes show an overall 
pattern gene rally enriched in the more incompat­
ible elements and with negative Nb and Sr 
anomalies. The pattern is very similar to that of 
a continental tholeiite average (Holm, 1985); the 
latter shows, however, lower general levels of ele­
ment abundances . 

Gabbroic and anorthositic rocks 

Geochemically, the Finnish rapakivi-related 
gabbroic and anorthositic rocks are in several 
respects similar to the Proterozoic massive anor­
thosites (cL Emslie, 1980). Their Si02 contents 
are somewhat over 50 wt% on the average, and 
they have relatively high concentrations of 
AI20) (17.3 to 25.5 wt %) as a result of their 
feldspar-dominated mineralogy. Mg is depleted 
relative to Fe: the Mg numbers range from 54.6 
to 30.3. CaO contents are between 7.22 and 10.10 
wt%, and the alkalies are somewhat enriched 
relative to CaO (e.g., normative An/(An + Ab) 
ratios range from 0.522 to 0.620). All the sam­
pies analysed in the present study are hyper­
sthene-normative and exhibit a large range in nor­
mative hypersthene content (from 3.6 wt% in 
sampie AIII0 to 18.7 wt% in sampie A1048b). 
As regards silica saturation, the gabbroic and 
anorthositic rocks show similarities with the 
diabase dykes: both saturated and oversaturated 
rocks are encountered, the oversaturated being 
more abundant in the present data set. One of 
the sampies (the leucogabbro A1048 of the 
Väärälampi intrusion) also shows a little corun­
dum in the norm. In the Na20 + K20 vs. Si02 

diagram (Fig. 24) the gabbros and anorthosites 
plot mostly in the subalkaline field. 
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Table 2. Rare earth element contents (in ppm) and chondrite-normalized La/Yb ratios of selected diabase dykes of the Suomenniemi swarm, the Lovasjärvi intrusion, and the 
0 
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00 
gabbroic and anorthositic rocks. n' e:. 

Diabase dykes Lovasjärvi intrusion Gabbroic and anorthositic rocks 
[fJ 

:; 
< 
'" Sampie A1064 AH01 A1098 A1ll8 A1068 A1069 A1l29 A1l8 AH10 A1048 A1048b A1l9 A691b 7890 '< 
0 ..., 

La 32.2 28.1 46.3 4l.5 54.9 40.1 10.9 32.0 9.2 16.0 24.0 15.5 37.4 14.4 'Tl 
5' 

Ce 69 62 % 1\9 119 88.1 22.9 66.5 18.4 33.8 50.9 32.4 77.0 30.1 §" 
0-

Pr 16.4 11.7 2.7 8.3 2.5 4.7 6.9 4.1 10.2 ~.9 
c:l 

Nd 34.75 30.00 49.93 39.82 66.29 46.75 11.15 32.89 9.53 18.35 27.8 16.57 42.23 17.05 E. 

Sm 7.57 6.5 10.44 8.5 13.38 9.96 2.28 6.37 l.91 3.83 5.79 3.22 8.77 3.96 1r 
5' 

Eu 2.07 2.43 2.92 2.78 3.29 2.93 0.68 2.19 l.43 l.56 2.11 l.51 2.58 l.31 w 
V> 
V> 

Gd 12.1 10.1 2.0 5.7 l.5 3.6 5.7 2.9 8.0 4.0 

Tb 1.2 0.9 l.5 l.6 l.6 1.4 0.2 0.8 <0.1 0.3 0.6 0.2 1.0 0.5 

Dy 6.5 6.4 9.4 9.3 10.4 7.9 1.8 4.1 1.5 3.5 5.0 2.7 7.1 3.6 

Ho 2.12 1.6 0.23 0.66 0.33 0.71 1.01 0.58 1.42 0.59 

Er 5.8 4.4 1.1 2.4 0.7 1.7 2.7 1.4 3.8 2.2 

Tm 0.6 0.5 <0.1 0.2 <0.1 <0.1 0.2 <0.1 0.3 0.1 

Yb 4.2 3.25 4.77 5.13 5.5 3.5 0.9 2.0 0.8 l.8 2.6 l.4 3.8 1.8 

Lu 0.64 0.51 0.75 0.75 0.77 0.43 0.06 0.16 0.12 0.23 0.41 0.21 0.52 0.19 

a 
(La/ Yb) N 5.17 5.83 6.54 5.45 6.73 7.72 8.17 10.79 7.75 5.99 6.22 7.46 6.64 5.39 

Note: Nd and Sm by ID at the Unit for Isotope Geology, Geological Survey of Finland; the other elements by NA (sam pies A1064, AH01, A1068, and All18) and ICP / MS at 
X-Ray Assay Laboratories Ltd (Canada) . 

a normalizing values are 0.31 for La and 0.209 for Yb (Boynton, 1984) . 



The compositional range of the sampIes ana­
lysed in this study is presented in a Mg number 
vs. normative An/ (An + Ab) ratio diagram in 
Fig. 30; Mg numbers range from 54.7 to 30.3 and 
normative An/ (An + Ab) ratios from 0.620 to 
0.522. Excluding the gabbro sampIe 7890, the 
normative An content declines consistently with 
decreasing Mg number. The sampIes from the 
Ahvenisto complex range from the high Mg num­
ber, high An/ (An + Ab) ratio olivine gabbro 
AIIlO down to the leucogabbronorite Al18 that 
has the lowest values of Mg number and 
An/ (An + Ab) ratio; the anorthosite MH87a is 
intermediate between the two. The sampies from 
the Väärälampi body (A1048, A1048b) are simi-

1000 
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lar to each other and plot at lower values rela­
tive to the olivine gabbro and anorthosite of the 
Ahvenisto complex. The gabbronorites from 
Ylijärvi (AI19) and Kolinummi (A691b) are the 
most evolved sampIes of the present data set, and 
the leucogabbro (7890) from Höggrund exhibits 
a higher An/ (An + Ab) ratio than sampies 
MH87a and A1l8 from the Ahvenisto complex 
and the sampies from the Väärälampi body. 

The analysed gabbroic and anorthositic rocks 
show, as is also true regarding the diabase dykes, 
relatively low concentrations of compatible and 
relatively high concentrations of incompatible 
trace elements compared with basaltic rocks in 
general. For example, the Ni and Cr contents are 
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Fig. 29. Incompatible element abundances in the diabase dykes (Appendix 2) compared with the continental tholeiite 
average of Holm (1985). The data are normalized against chondrite, except Rb, K, and P . Normalizing values 
for Rb, Ba, Th, K, Nb, Sr, P, Hf, Zr, Ti, and Y are from Thompson et al. (1982), for the REE from Boynton 
(1984), and for U from Sun (1980). 
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very low in all sampies, ranging from 7 to 56 ppm 
and 7 to 49 ppm, respectively. Furthermore, the 
contents of incompatible trace elements such as 
Rb and Zr show rather wide ranges: 11 to 116 
ppm for Rb and 36 to 281 ppm for Zr. The sam­
pIes from the Väärälampi body differ from those 
of the other bodies in having lligher Rb and Ni 
contents (Appendix 2) . 

REE contents of the analysed sampIes are 
listed in Table 2, and Fig. 31 shows the chon­
drite-normalized REE patterns. As were the 
diabase dykes, the gabbroic and anorthositic 
rocks are also moderately enriched in the LREE. 
On the average, the gabbros and anorthosites are 
slightly more enriched in the LREE than the Sub­
jotnian diabases and the sampIes from the Lovas-

järvi intrusion: most of the (La/ Yb)N ratios fall 
in the range from 5.39 to 7.75, excluding sam pIe 
A1l8 that shows a higher (La/ Yb)N ratio 10.79. 
The normalized La contents range from 29.7 
(All 10) to 121 (A691b). The anorthosite sampie 
MH87a, which was not analysed for all REE, 
shows normalized Nd and Sm abundances of 8.20 
and 4.25, respectively, indicative of grossly simi­
lar overall LREE-enrichment as was observed for 
the other sampies (Fig. 31). A distinctive feature 
of the gabbroic and anorthositic rocks is that al­
though they are plagioclase-rich rocks, only those 
that show the lowest contents of total REE ex­
hibit distinct positive Eu-anomalies (sam pIes 
AI 110, A1l9, and AI048). 
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Fig. 30. Composition of t e gabbroic and anorthositic rocks (Appendix 2) shown in normative 
An/ (An + Ab) ratio vs. Mg number diagram. Symbols are as in Fig. 24, individual sampies are labeled. 
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Fig. 31. Rare earth element analyses of the gabbroic and anorthositic rocks listed in Table 2 (excluding Tb and Tm) nor­
malized against chondrite composition. Also shown are the abundances of Nd and Sm in the anorthosite sampie MH87a 
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Nd AND Pb ISOTOPE GEOCHEMISTRY 

Notes on data presentation 

Sm-Nd and Pb-Pb isotopic methods are 
powerful tools that are widely used in modern 
petrologie studies. Based on the radioactive decay 
of 147Sm to I44Nd, 238U to 206Pb, 235U to 207Pb, 
and 232Th to 208Pb, they can be used to measure 
the absolute ages of rock sampIes and to gain in­
formation on the origin of the material which the 
rock sampIes are composed of. The latter is also 
their main use in the present work. The basic 
principles of these isotopic methods are discussed 
at length by several authors; for the Sm-Nd 
method see Faure (1986) and DePaolo (l988a), 
and for the Pb-Pb method Gale and Mussett 
(1973) and Faure (1986). Some notes regarding 
data presentation and isotopic modeling are 
presented below. 

Sm-Nd method 

The measured 143Nd/144Nd ratios and the ages 
of the analysed rock sam pIes are used to calcu­
late the initial 143Nd/ I44Nd ratios that the sam­
pIes probably had at the time of their crystalli­
zation. Because different methods are used by 
isotope laboratories to normalize the measured 
isotopic ratios of Nd, which thus are not neces­
sarily always compatible witb each other (see 
Faure, 1986, p. 209), the initial 143Nd/ I44Nd 
ratios are reported relative to the Chondritic Uni­
form Reservoir, CHUR, as ENiT) values 
(DePaolo & Wasserburg, 1976): 

[ 

143Nd 143Nd ] - (T)·-- (T) 
144Nd sAMPLE 144NdcHUR 

(1 ) ENiT) = 1 ()4 
143Nd 

144Nd (T) 
CHUR 

where 143Nd/I44N~LE(T) and 143Nd/ I44NdcHUR(T) 
are the initial ratios in the sarnple and CHUR, 
respectively. Rock sampies showing long-term 

depletion of the LREE relative to CHUR have 
positive ENd values, and vi ce versa. Likewise, the 
measured 147Sm/ 144Nd ratios are compared with 
that of CHUR using the Sm/ Nd fractionation pa­
rameter fSm/Nd (DePaolo, 1988a): 

14'Sm 14'Sm 

144NdsAMPLE 144NdcHUR 
(2) fSmlNd = --------

14'Sm 

144NdcHUR 

SampIes with positive fSmlNd parameters are 
depleted in the LREE relative to CHUR, and 
those with negative parameters are enriched. 
Depleted mantle model ages (T DM) of the sam­
pIes, indicative of the average date when the 
material (or materials) that constitute the rock 
sampIe were differentiated from a postulated 
LREE-depleted upper mantle source, are calcu­
lated in this work according to the model of 
DePaolo (l981a): 

where T DM is given in Ga. 

Pb-Pb method 

Two Pb evolution models are used in the 
present work to evaluate the significance of the 
measured Pb isotopic ratios. These are the two­
stage model suggested for the evolution of aver­
age crustal Pb by Stacey and Kramers (1975) and 
a two-stage model constructed by Huhma (1986) 
to fit the Pb isotopic data reported on Finnish 
1.9 Ga galenas by Vaasjoki (1981). The main 
difference between the two models is the timing 
of the onset of the second stage, which is 3.7 Ga 
in the former and 3.0 Ga in the latter. The model 
of Huhma (1986) seems to account better for the 
evolution of the Svecofennian crust of southern 
Finland, but the differences between the two 



models are very small. For instance, at 3.0 Ga, 
the 206Pb/ 204Pb and 207Pbj204Pb ratios of the 
model of Huhma (1986) are 12.90 and 14.340, 
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respectively, while those of the average crustal 
Pb model of Stacey and Kramers (1975) are 12.93 
and 14.343, respectively. 

Nd isotopic results 

Nd isotopic data on the analysed 29 silicic 
rocks and alkali-feldspar syenites and 21 basic 
rocks are given in Tables 3 and 4, and they are 
plotted in ENd vs. age diagrams in Figs. 32 and 
33 . 

Finnish rapakivi granites, quartz-feldspar 
porphyry dykes, and alkali-feldspar syenites 

The Finnish granites (topaz-bearing granites 
excluded), quartz-feldspar porphyry dykes, and 
alkali-feldspar syenites all have very similar Nd 
isotopic characteristics . They exhibit high con­
centrations of Nd and Sm (generally more that 
90 and 15 ppm, respectively) and are strongly 
enriched in the LREE having 147Sm/I44Nd ratios 
between 0.1 and 0.12 and fSm/ Nd parameters 
ranging from -0.4 to -0.5. Measured present-day 
143Nd/ I44Nd ratios vary generally between 0.5115 
and 0.5117, and the TDM model ages range from 
2.00 to 2.12 Ga, being thus distinct1y higher than 
the U-Pb zircon ages measured for these rocks 
(Vaasjoki, 1977; Vaasjoki et al. , 1991). The to­
paz-bearing granites (two sampies from the 
Suomenniemi batholith and two from the Kymi 
stock within the Wiborg batholith) differ from 
the less fractionated granites in having marked­
Iy higher 147Sm/ I44Nd ratios (0.146 to 0.167) and 
fSm/ Nd parameters (-0.26 to -0 .15), as weil as 
higher present-day 143Nd/ I44Nd ratios (0.5120 to 
0.5122). Due to the higher Sm/ Nd ratios their 
T DM are meaningless, ranging from 2.18 to 2.83 
Ga. Sampie A710 from the Vehmaa batholith 
contains so me topaz but does not show an in­
creased Sm/ Nd ratio. This sampie differs from 
the rest of the analysed topaz-bearing granites in 
being less fractionated (Appendix 1). 

The ca. 1640 Ma old eastern Finnish sam pies 
(those from the Suomenniemi complex and the 
Wiborg batholith) have slightly negative initial 
ENd values that show very little variation: 16 out 
of the 19 analysed sampies fall within the range 
of -2.2 to -0.9 (Fig. 32). The most fractionated 
topaz-bearing granite sampie A1097 (Sr = 16 
ppm) has a measurably more negative ENiT) 
value, -2.9 ± 0.4, while the sampies from the 
Kymi stock (l/IH/ 89 and M524b) have more 
positive values (-0.3 ± 0.6 and -0.2 ± 0.5, respec­
tively) . The four analysed quartz-feldspar por­
phyry dykes have almost identical ENiT) values 
that range from -1.3 ±0.4 to -0.9±0.7. The two 
alkali-feldspar syenite sampies (Alill and 
A1164) have initial ENiT) values similar to those 
of the granites (-2.0 ± 0.7 and -1.4 ± 0.5, respec­
tively). 

The ca. 1580 Ma old western Finnish granites 
(those from the Laitila, Vehmaa, and Aland 
batholiths and the Siipyy pluton) have slightly 
more negative ENiT) values than the eastern 
Finnish sampies, ranging from -3.1 (sampie 
A690, Ytö granite of the Laitila batholith) to -1.4 
(sam pie A295 from the western part of the Aland 
batholith). The time-integrated Nd isotopic evo­
lution of the eastern and western Finnish sam­
pies is, however, very similar (Fig. 32); exclud­
ing the topaz-bearing sampies, the averages of the 
T DM model ag es of the eastern and western 
Finnish sam pies are 2.08 ±0.05 (1 S.D.) and 
2.06 ±0.03 (1 S.D.) Ga, respectively. 

Soviet Karelian rapakivi granites 

The three granite sampies from Soviet Karelia 
(biotite granites 9202 and IYL179, topaz-bearing 
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Table 3. Sm-Nd isotopic data for the silicic rocks and alkali-feldspar syenites. 
0 
(1) 

Sarnple Agea Ageb Sm Nd 147SmC fSm/ :-':d 
d 143Nde E:-.:d(T/ TOMg 145Nde 0 

Ö 
00 ;;. 

(Ma) ref. (ppm) (ppm) 144Nd 144Nd (Ga) 144Nd ~ 
Vl 
:; 

Suomenniemi complex < 
(1) 

'< 
Hornblende-clinopyroxene-fayalite granites 0 ...., 

A1130 1636 ± 23 [ 11 18.11 95.80 0.1143 -0.42 0.511683 ± 18 - 1.4 ± 0.4 2.08 0.348401 ± 12 'Tl 

M415.4 1640 26.90 144.8 0.1123 - 0.43 0.511684± 18 - 1.0±0.4 2.04 0.348405 ± 12 
5· 
öl 

Hornblende granites 
:l 

.P-
A1043§ 1641 ± 2 111 15.43 82.64 0.1128 -0.43 0.511636±24 - 2.0±0.6 2.12 0.348409 ± 16 c::I 

=-A1044 1640 26.26 141.8 0.1119 -0.43 0.511638±24 - l.7±0.6 2.10 0.348414± 16 1! 
A1045§ 1640 18.06 99.78 0.1094 - 0.44 0.511629 ± 33 - 1.4±0.7 2.06 0.348426 ± 25 5· 

w 
Biotite-hornblende granite v. 

v. 

A1040 1640 20.51 112.5 0.1102 -0.44 0.511642 ± 20 - l.3 ±0.5 2.06 0.348419 ± 11 
§ 20.53 112.5 0.1103 -0.44 0.511649 ± 25 - 1.2±0.6 2.05 0.348434 ± 18 

Biotite granites 

A1041 1641 ± 1 [ 11 30.21 174.0 0.1049 - 0.47 0.511577 ± 28 - 1.4±0.6 2.05 0.348415 ± 22 

A1042§ 1639 ± 6 [11 25.84 154.7 0.1009 - 0.49 0.511495±25 - 2.2±0.6 2.09 0.348382 ± 17 

Topaz-bearing granites 

A1097 1640 8.55 30.95 0.1669 - 0.15 0.512172± 14 - 2.9±0.4 2.83 0.348416 ± 16 

8.41 30.39 0.1672 - 0.15 0.512170±36 - 3.0±0.8 2.92 0.348427 ± 24 

M664.2 1640 16.41 63.28 0.1457 -0.26 0.512017 ± 38 - 1.5±0.9 2.30 0.348396 ± 22 

Alkali-feldspar syenites 

Allll 1629 ± 6 111 10.80 60.10 0.1068 - 0.46 0.511575 ± 32 - 2.0±0.7 2.09 0.348394 ± 23 

A1164 1630 25 .24 126.2 0.1209 -0.39 0.511760 ± 19 - 1.4±0.5 2.11 0.348403 ± 12 

Quartz-feldspar porphyry dykes 
A21b§ 1638 ± 32 111 18.09 105.3 0.1039 -0.47 0.511579 ± 31 - 1.2±0.7 2.03 0.348414 ± 25 

A1046§ 1635 18.84 108.4 0.1050 -0.47 0.511612±31 - 0.9± 0.7 2.00 0.348392 ± 24 

A1100 1635±2 [lJ 20.52 115.6 0.1072 - 0.45 0.511613 ± 18 -1.3±0.4 2.04 0.348388 ± 14 

A1163 1636 ± 17 [lJ 18.72 113.5 0.09973 -0.49 0.511548±22 -1.0±0.5 2.00 0.348383 ± 23 

Wiborg batholith 

A18§§ 1646 ± 4 [1[ 18.00 93.43 0.1164 - 0.41 0.511696 ± 43 - 1.5 ± 0.9 2.11 0.348420 ± 23 

A29b 1633 ± 1 [2] 19.10 98.20 0.1176 - 0.40 0.511731 ± 21 - l.2±0.5 2.08 0.348375 ± 18 

A524b 1640 [3] 28.60 115.2 0.1501 -0.24 0.512128 ± 19 - 0.2±0.5 2.20 0.348425 ± 14 

1/IH/89 1640 8.21 33.78 0.1470 -0.25 0.512091±26 - 0.3±0.6 2.18 0.348413 ± 26 



Laitila batholith 
A606§§ 1570 [3] 20.82 110.7 0.1136 -0.42 0.511666±22 - 2.3±0.5 2.09 0.348404± 16 
A690§§ 1540 [3] 16.26 90.53 0.1086 -0.45 0.511593 ± 35 - 3.1±0.8 2.10 0.348396 ± 21 

Vehmaa batholith 

A710 1590 [3] 14.28 89.68 0.09624 -0.51 0.511485 ± 24 -2.1±0.5 2.02 0.348378 ± 13 

Äland batholith 

A295 1575 ± 11 [2] 13.35 68.50 0.1178 -0.40 0.511751 ± 20 - 1.4±0.5 2.05 0.348421 ± 14 
A762 1573±6 (2) 12.20 63.71 0.1158 -0.41 0.511708± 19 - 1.9±0.5 2.08 0.348407± 14 

Süpyy pluton 

A373 1562± 14 [4) 16.78 93.93 0.1080 -0.45 0.511609 ± 16 -2.4±0.4 2.07 0.348400± 13 

Salmi batholith 

6896§§ 1540 [2) 11.37 47.74 0.1439 -0.27 0.511764±20 - 6.7±0.5 2.82 0.348412±22 
11.19 47.08 0.1437 -0.27 0.511798±23 - 6.0±0.5 2.73 0.348392± 11 

9202§§ 1540 18.04 102.7 0.1061 -0.46 0.511309 ± 29 -8.1±0.7 2.46 0.348379±17 

Sotjärvi batholith 

IYL/79 1540 22.49 121.3 0.1120 - 0.43 0.511494 ± 28 - 5.7±0.6 2.32 0.348418 ± 21 

Note: Analyses labeled with superseripts have been published previously by §) Haapala and Rämö (1990) and §§) Rämö and Haapala (1991). • denotes duplicate 
analysis. 

a Ages are based on U -Pb zircon data and geological evidence. 

b Age references: [1] Vaasjoki et al. (1991); [2) Suominen (1991); [3] Vaasjoki (1977); [4] Idman (1989). 

C Estimated error is 0.4%. 

d Sm/Nd ratio relative to chondritic ratio (0.1966): fSm/ Nd = 
147Sm/I44NdSAMPLE - 147Sm/144NdCHUR 

147Sm/144NdCHUR 

e Normalized to 146Nd/144Nd = 0.7219. Errors are 2am in last significant digits. 

[

143Nd/I44Nd (T) - 143Nd/I44Nd (T)] 
f ENd(T) = 104 Sl~~~~;l44NdCHUR(T) CHUR . Chondritic values used for calculation were 143Nd/144Nd = 0.51264 and 147Sm/I44Nd = 0.1966. 

2 
g Calculated according to the model of DePaolo (1981a) with ENd(T) = O.25T DM - 3T DM + 8.5 
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00 

Table 4. Sm-Nd isotopic data for the basic rocks and whole rock standards. 
0 

Ageb 147SmC d 143Nde E:\d(T)f 145Nde " Sampie Agea Sm Nd fSm/ Nd TD~g 0 
0-

0<> 

(Ma) ref. (ppm) (ppm) 144Nd 144Nd (Ga) 144Nd (; ' 
~ 
CIl 

Diabase dykes E; 
< 
" Suomenniemi swarm '< 
0 

A 1063§ 1640 7.49 34.56 0.1309 - 0.33 0.511964±28 + 0.6±0.7 1.98 0.348411 ± 20 
...., 
'Tl 

AI064§ 1640 7.57 34.75 0.1316 - 0.33 0.512018 ± 45 + l.6 ± 1.0 1.90 0.348414 ±22 5' 

'" AllOI§ 1640 6.50 30.00 0.1311 - 0.33 0.511945 ± 12 + 0.2±0.3 2.02 0.348436 ± 11 ;:l 

.?-
A1102§ 1640 11.60 54.19 0.1294 - 0.34 0.51HHl7±24 - 0.6± U.6 2.09 0.348395 :!: 28 t:O 
A 1098§ 1640 10.44 49.93 0.1264 - 0.36 0.511874 ± 16 - 0.2±0.4 2.04 0.348414 ± 10 S 

~ A 1118§§§ 1640 8.50 39.82 0.1291 - 0.34 0.511897 ± 36 - 0.3±0.8 2.06 0.348381 ± 27 5' 
A 1047§ 1635 13.77 70.55 0.1180 - 0.40 0.511736±20 - 1.2±0.5 2.08 0.348437 ± 18 w 

v-
AI068§§§ 

v-
1635 13.38 66.29 0.1220 - 0.38 0.511779 ± 29 - 1.2±0.7 2. 10 0.348379 ± 18 

35.1§§§ 1640 12.68 69.09 0.1l04 - 0.44 0.511659 ± 19 - 1.0±0.5 2.04 0.348467 ± 16 
Häme swarm 

A808a§§§ 1646 ± 6 151 6.53 31.39 0.1258 - 0.36 0.511864±4 1 - 0.2±0.9 2.04 0.348405 ± 22 
A 1135§§§ 1667:! 9 PI 6.88 34 .31 0.1212 - 0.38 0.511842 ± 22 +0.6±0.5 1.97 0.348417± 13 

Lovasjärvi intrusion 
AI069§§§ 1643 161 9.96 46.75 0.1287 - 0.35 0.511850 ± 30 - 1.l±0.7 2.14 0.348380 ± 17 

9.96 46.71 0.1289 - 0.34 - 1.2 
A1129§§§ 1643 2.28 11.15 0.1239 - 0.37 0.511848±28 - 0.1±0.7 2.02 0.348402 ± 16 

Gabbroic and anorthositic rocks 

Suomcnniemi complex (Väärälampi body) 

AI048 1636 3.83 18.35 0.1263 - 0.36 0.511879 ± 41 -0.1±0.9 2.03 0.348339 ± 33 
A1048b 1636±14 PI 5.79 27.80 0.1259 - 0.36 0.511849 ± 34 - 0.6±0.8 2.07 0.348418±28 

Ahvenisto complcx 

AIllO 1645 1.91 9.53 0.1210 - 0.38 0.511865 ± 16 +0.8±0.4 1.93 0.348404 ± 12 
All8 1645 ± 5 111 6.37 32.89 0.1170 - 0.40 0.511749 ± 18 - 0.6±0.5 2.04 0.348396± 16 
MH87a 1645 0.829 4.92 0.1019 - 0.48 0.511602 ± 16 - 0.3±0.4 1.96 0.348421 ± 11 

0.809 4.81 0.1017 - 0.48 0.511596 ± 17 - 0.3±0.4 1.96 0.348398 ± 14 
Wiborg batholith (Ylijärvi) 

A1l9 1633 ± 1 121 3.22 16.57 0.1210 - 0.38 0.511807 ± 25 - 0.4 ±0.6 2.03 0.348413 ± 14 



Laitila batholith (Kolinummi intrusion) 

A691b 1570 [3J 
Aland batholith (Höggrund) 

7890 1580 

Standards 

Columbia River basalt 

BCR-l 

Geological Survey of Japan basalt 

JB-l 

[2J 

8.77 42.23 0.1256 

3.96 17.05 0.1403 

6.57 28.71 0.1384 

4.94 25.69 0.1161 

- 0.36 0.511819 ± 13 - 1.7±0.4 2.12 0.348388±8 

- 0.29 0.512023 ± 23 - 0.6±0.6 2.12 0.348430 ± 23 

- 0.30 0.512640±21 0.348437 ± 18 

- 0.41 0.512773 ± 24 0.348419 ± 15 

Note: Analyses labeled with superseripts have been published previously by §) Haapala and Rämö (1990) and §§§) Rämö (1990). • denotes duplicate analysis. 

a Ages are based on U-Pb zircon and baddeleyite data and geological evidence. 

b Age references: [IJ Vaasjoki et al. (1991); [2J Suominen (1991); [3J Vaasjoki (1977); [5] Laitakari (1987); [6] Siivola (1987). 
c, d, e, f, and g as in Table 3. 
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Fig. 32. Nd isotopic data of I.he rapakivi granites, quartz-feldspar porphyry dykes , and a1kali-feldspar syenites 
(Table 3) plotted in &Nd vs. age diagram . Verticallines indicate the analytical errors of the individual mea­
surements. Data of the eastt:rn Finnish sam pIes are slightly displaced horizontally in order to show the error 
bars . CHUR and DM denoIe the evolution lines of the Chondritic Uniform Reservoir (DePaolo & Wasser­
burg, 1976) and depleted rnantle (DePaolo, 1981a), respectively. The shaded area indicates the evolution 
path of the Finnish non-topaz-bearing sampies, while the dotted lines show the evolution trends of fractio­
nated topaz-bearing granites and Soviet Karelian sampIes. The ruled shading and the less dense dotting to 
the left of the data points show extrapolation of the trends toward the depleted mantle evolution line. The 
average TDM model age of the non-topaz-bearing Finnish granites is 2.06±0.03 (1 S.D .) Ga . 
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Fig. 33 . Nd isotopic data of (a) the diabase dykes and the Lovasjärvi intrusion and (b) the gabbroic 
and anorthositic rocks (Table 4) plotted in !:Nd vs . age diagram . Verticallines indicate the analyti­
cal errors of the individual measurements . So me data points of the 1640 Ma dykes in (a) and the 
1645 Ma and 1636 Ma sampies in (b) are slightly displaced horizontally to show the error bars. CHUR 
and DM are as in Fig. 32. The dotted lines show the evolution trends of individual sampies; the 
less dense pattern to the left of the data points shows extrapolation of the trends toward the deplet­
ed mantle evolution line . T OM model ages of the sampies range from (a) 1.90 to 2.14 Ga and (b) 
1.93 to 2.12 Ga. 
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granite 6896) show similar '47Sm/'44Nd ratios 
and fSm/ Nd parameters as the Finnish non-topaz­
bearing and topaz-bearing granites, but their 
'43Nd/ '44Nd ratios are lower, ranging from 
0.5113 to 0.5118. This results also in less radio­
genic initial isotopic composition: the ENiT) 
value of the biotite granite from the Sotjärvi 
batholith is -5 .7 ± 0.6 and the two sampies from 
the Salmi batholith have ENiT) va lues of 
-6.7 ± 0.5 and -8.1 ± 0.7. Comparable initial Nd 
isotopic compositions have been measured for the 
Salmi batholith by Neymark et a1 , (in prep.). The 
T DM model ages of the Soviet Karelian sam pies 
range from 2.32 to 2.86 Ga. The difference be­
tween the initial Nd isotopic cornposition of the 
Finnish and Soviet Karelian sam pies is shown in 
the ENd vs. age plot (Fig. 32) in which the Soviet 
Karelian sam pies plot considerably below the 
evolution path of the Finnish sampies. It should 
also be noted that the initial ENd values of the 
two sampies from the Salmi batholith differ from 
each other by 1.4 ENd-units anel are not com­
patible with each other within experimental error; 
the more fractionated topaz-bearing granite 6896 
(Sr < 10 ppm) has a more positive ENd value 
than the less fractionated biotite granite 9202 
(Sr = 76 ppm). 

Diabase dykes and the Lovasj:ärvi intrusion 

Typical of the diabase dykes are the relatively 
high concentrations of Sm (6.50 to 13.77 ppm) 
and Nd (30.00 to 70.55 ppm) compared with 
basaltic rocks in general. Their '47Sm/'44Nd 
ratios range from 0.1104 to 0.13 16, correspond­
ing to fSm/ Nd of -0.44 to -0.33 . Measured present­
day '43Nd/ '44Nd ratios are on the order of 0.5117 
to 0.5120 and their ENiT) values range from 
+ 1.6 to -1.2. The T DM model ages vary from 
1.9 to 2.1 Ga and are, on the average, 0.4 Ga in 
excess of the true crystallization age of the dia­
bases determined from zircons and baddeleyites 
(Laitakari, 1987; Siivola, 1987; Vaasjoki et al. , 
1991). 

The Nd isotopic data on the sampies from the 
Lovasjärvi intrusion are similar to those of the 
diabase dykes. The coarse-grained diabase 
(AI069) from the central part of the intrusion 
shows Sm and Nd concentrations and Sm/ Nd 
ratio dose to those in the diabase dykes. The 
melatroctolite cumulate (Al129) has distinctly 
lower Sm and Nd concentrations (2.28 and 11.15 
ppm, respectively) but the Sm/ Nd ratio and iso­
topic composition of Nd are dose to those meas­
ured for the diabase dykes. The fSm/ Nd fractiona­
tion parameters for the Lovasjärvi sam pies are 
-0.35 (AI069) and -0.37 (AI129) and their 
ENiT) values -1.1 ±0.7 (sampie AI069) and 
-0.1 ±0.7 (sampie AI129). 

The initial Nd isotopic compositions and the 
evolution paths of individual diabase sampies are 
shown in Fig. 33a. All sampies plot dearly be­
low the evolutionary path of the model depleted 
mantle. The calculated initial isotopic composi­
tions of the dykes are so variable and the range 
of the Sm/ Nd ratios so small that it is not pos­
sible to calculate a Sm-Nd whole rock isochron 
for the diabase dykes. 

Gabbroic and anorthositic rocks 

The Sm concentrations of the gabbroic and 
anorthositic rocks range from 0.83 ppm (MH87a 
anorthosite) to 8.77 ppm (A691b leucogab­
bronorite) and the Nd concentrations from 4.92 
ppm (MH87a) to 42.23 ppm (A691 b). Their 
'47Sm/'44Nd ratios are generally around 0.12. 
The anorthosite MH87a of the Mäntyharju com­
plex has the lowest '47Sm/'44Nd ratio of 0. 1019 
(fSm/ Nd = -0.48) while the leucogabbro 7890 from 
the Höggrund anorthosite exhibits the highest 
'47Sm/'44Nd ratio of 0.1403 (fSm/ Nd = -0.29) of the 
rapakivi-age basic rocks analysed in this study. 
Initial ENd values of the southeast Finnish sam­
pies range from + 0.8 to -0.6, while the ENiT) 
values of the two analysed western Finnish sam­
pIes are more negative, -0.6 and -1.7. In the ENd 
vs. age diagram (Fig. 33b) the eastern Finnish 



sampies plot close to the diabase dyke data 
(showing, however, less variation in ENd values). 
Sampies from the younger intrusions of south­
western Finland plot below the CHVR evolution 
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line. The T DM model ages of the gabbroic and 
anorthositic rocks range from 1.93 to 2.12 Ga 
and are 0.3 to 0.4 Ga in excess of their actual 
crystallization ages. 

Pb isotopic resuIts 

Pb isotopic data on the silicic rocks, alkali­
feldspar syenites, and the basic rocks are pre­
sented in Tables 5, 6, and 7 as weil as in Figs. 
34, 35, and 36. 

Finnish rapakivi granites, quartz-feldspar 
porphyry dykes , and alkali-feldspar syenites 

In addition to the data on the 26 whole rock 
sam pies (Table 5), Pb isotopic composition was 
measured on 16 alkali feldspar fractions (Table 
6) separated from 12 granites, a quartz-feldspar 
porphyry dyke, and three alkali-felds par syenites. 
The Finnish whole rock sampies show consider­
able variation in their V and Pb abundances: 
sampie A18 (tirilite from the northern part of the 
Wiborg batholith) has the lowest abundances 
(V = 1.29 ppm, Pb = 22 ppm) while the topaz­
bearing granites of the Kymi stock exhibit the 
highest contents (ca. 20 ppm V and 130 ppm Pb). 
A very high V concentration, 23.6 ppm, was 
measured for the topaz-bearing granite M664.2 
from the Suomenniemi batholith. Furthermore, 
both topaz-bearing granite sampies from the 
Suomenniemi batholith show higher V/ Pb ratios 
than the rest of the granites. 

The Finnish sampies show considerable varia­
tion also in the isotopic ratios of Pb. For ex­
ample, the 206Pb/ 204Pb ratios range from 17.046 
(sampie A18) to 20.498 (sampie A71O). The iso­
topic ratios measured on the alkali feldspar frac­
tions (Table 6) are relatively radiogenic, show­
ing 206Pb/204Pb, 207Pbj204Pb, and 208Pb/ 206Pb 

ratios higher than 16, 15.35, and 35, respective­
ly. 112 values for the Pb in the alkali feldspar 
fractions calculated according to the two-stage 

evolution models of Stacey and Kramers (1975) 
and Huhma (1986) vary from 9.57 to 9.98 and 
from 9.27 to 10.43 , respectively (Table 6) . Com­
pared with the Pb isotopic composition of the 
granites, the quartz-feldspar porphyry dykes 
show similar alkali feldspar and whole rock com­
positions, while the alkali-feldspar syenites have 
in general somewhat more radiogenic Pb isotopic 
ratios. 

The Pb isotopic composition of the Finnish 
sampies are plotted in 207Pbj204Pb vs. 206Pb/ 
204Pb and 208Pb/ 206Pb vs. 206Pbj204Pb diagrams in 
Fig. 34. In the 207Pb/ 204Pb vs. 206Pb j204Pb plot 
(Fig. 34a) the data fall along the growth curve 
of average crustal Pb. The data show moderate 
scatter and no meaningful Pb-Pb isochrons can 
be fitted to the data. For example, the sampies 
of the granites of the Suomenniemi batholith de­
fine a linear trend of 1391 ± 167 Ma. The topaz­
bearing granites have 10wer 207Pb/206Pb ratios 
than the other granites and excluding them from 
the regression yields a trend with an age of 
1631 ± 118 Ma. This is numerically consistent 
with the ca. 1640 Ma V-Pb zircon age of the 
batholith (Vaasjoki et al., 1991). 

In the 208Pb/ 206Pb vs. 206Pb/ 204Pb diagram 
(Fig. 34b), the Finnish sampies show consider­
able scatter, but nevertheless roughly conform to 
the growth curve of average crustal Pb; most of 
the alkali feldspar fractions actually plot on or 
close to the crustal growth curve. 

Model ages calculated for the alkali feldspar 
fractions are shown in Table 6 along with 
238V/204Pb (Il), 232Th/ 204Pb (co), and 232Thj238V 

(K) ratios. The single-stage model ag es cluster 
generally around 1000 Ma, while the two-stage 
models yield model ag es that are closer to the V-
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Table 5. V-Pb wbole rock isol:Opic data for the silicic rocks and alkali-feldspar syenites. 

Sam pie V (pprn)·' Pb (ppm)a V/ Pb 206Pbj204Pb 207Pbj204Pb 208Pbj204Pb 

Suomenniemi complex 
Hornblende-clinopyroxene-fayalite granites 

A1l30 1.96 26.95 0.0727 17.456 15.604 37.800 
M415.4 3.06 27.09 0.1130 18.350 15.642 39.426 

Hornblende granites 
A1043 2.75 27.30 0.1007 17.798 15.630 37.717 
AI044 6.80 45.01 0.1511 19.303 15.711 40.198 
AI045 4.30 39.74 0.1082 17.798 15.612 38.120 

Biotite-bornblende granite 
A1040 4.59 83.15 0.0552 18.805 15.653 40.225 

Biotite granites 
AI041 4.94 54.07 0.0914 17.667 15.576 39.065 
A1042 5.83 61.32 0.0951 18.193 15.593 40.645 

Topaz-bearing granites 
AI097 7.37 31.85 0.2314 19.409 15.656 37.789 
M664.2 23.57 41.37 0.5697 19.496 15.653 39.007 

Alkali-feldspar syenites 
Al1l1 3.59 28.05 0.1280 19.428 15.760 41.516 
A1164 4.38 29.05 0.1508 19.492 15.757 41.679 

Quartz-feldspar porpbyry dykes 
A21b 4.80 52.37 0.0917 18.249 15.639 39.977 
AI046 6.84 41.38 0.1653 19.457 15.772 41.327 
A1100 5.35 39.72 0.1347 18.593 15.649 39.644 
A1163 2.83 30.54 0.0927 17.517 15.526 38.003 

Wiborg batholitb 
A18 1.29 22.74 0.0567 17.046 15.490 36.995 
A29b 6.69 34.14 0.1960 20.264 15.833 39.855 
A524b 19.26 129.40 0.1488 19.598 15.775 37.205 
I/IH/89 19.62 132.60 0.1480 18.111 15.605 36.322 

Laitila batbolitb 
A606 3.77 28.99 0.1300 17.525 15.572 38.178 
A690 4.19 39 .36 0.1065 20.070 15.810 44.306 

Vehmaa batholitb 
A710 12.60 45.17 0.2789 20.498 15.792 43.689 

Aland batholith 
A295 7.38 28.52 0.2588 19.598 15.771 38.515 
A762 7.01 33.58 0.2088 20.065 15.826 39.123 

Süpyy pluton 
A373 7.02 50.56 0.1388 17.5 17 15.517 38 .673 

Salmi batbolitb 
6896 6.82 26.14 0.2609 16.729 15.171 37.165 
9202 4.71 33.13 0.1422 17.391 15.273 38.500 

Sotjärvi batholith 
IYL/79 5.35 42.08 0.1271 16.236 15.139 35.878 

Note: The accuracy of the isotopic ratios is :!:0.15%. 

a alI concentrations by isotope dilution. 
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Table 6. Pb isotopic data for the alkali feldspar fractions. 

Sam pie 

Suomenniemi complex 

Hornblende-c1ioopyroxeoe-fayalite granites 

A1130/KS 16.152 15.428 
M415.4/KS 16.097 15.399 

Hornblende granites 
AI043/KS 16.415 
AlO44/KS 16.284 

Biotite-horoblende granite 
Al040/KS 16.420 

Biotite granites 

AI041/KS 
A1042 / KS 

16.187 
16.138 

Topaz-bearing granites 

Al097/KS 16.402 
M664.2/KS 16.610 

Alkali-feldspar syenites 

All11/KS 17.012 
A1l64/KS 16.613 
M265.1/KS 16.561 

Quartz-feldspar porphyry dyke 

AI046/ KS 16.234 

Wiborg batholith 

A29b/ KS 

I / IH/89/KS 

Siipyy plutoo 

A373/ KS 

16.383 
16.256 

16.047 

Soviet Karelian batholiths 

9202/KS 15.243 
IYL/ 79/KS 14.961 

15.453 
15.425 

15.432 

15.401 
15.380 

15.399 
15.426 

15.521 
15.450 
15.430 

15.414 

15.458 
15.424 

15.379 

15.073 
15.018 

35.748 
35 .683 

35.846 
35.776 

36.027 

35.882 
35.723 

35.731 
35.902 

37.061 
36.654 
36.179 

35.914 

35.774 
35.623 

35.622 

35.524 
34.681 

Note: The accuracy of the isotopic ratios is ±0.15%. 

Model ages (Ma)a 

1189 
1202 

1012 
1084 

985 

1134 
1150 

963 
829 

619 
854 
872 

1111 

2 

1561 
1558 

1399 
1454 

1360 

1490 
1494 

1318 
1203 

1061 
1242 
1248 

1475 

3 

1596 
1564 

1413 
1455 

1343 

1478 
1461 

1254 
1138 

1068 
1213 
1199 

1471 

1042 1432 1459 
1104 1474 1480 

1220 1565 1553 

1546 1724 1372 
1721 1886 1541 

8.32 
8.28 

8.31 
8.28 

8.27 

8.26 
8.23 

8.21 
8.22 

8.33 
8.27 
8.24 

8.27 

2 

9.98 
9.85 

9.88 
9.83 

9.75 

9.77 
9.69 

9.57 
9.57 

9.83 
9.70 
9.63 

9.81 

3 

10.43 
10.05 

10.12 
9.97 

9.75 

9.81 
9.58 

9.27 
9.29 

9.97 
9.63 
9.43 

9.92 

8.32 9.93 10.29 
8.29 9.85 10.03 

8.25 9.78 9.83 

7.87 8.73 6.59 
7.86 8 .75 6.39 

1 

32.69 
32.46 

31.67 
31.92 

32.35 

32.89 
32.22 

30.72 
30.51 

34.27 
34.29 
32.17 

32.85 

31.56 
31.32 

32.31 

34.97 
31.82 

2 

37.47 
36.87 

35.72 
35.99 

36.54 

37.40 
36.19 

33.72 
33.47 

39.68 
39.44 
36.07 

37.42 

35.64 
35.08 

36.48 

38.39 
33.48 

3 

32.73 
31.20 

30.22 
30.19 

30.97 

31.88 
29.67 

26.37 
26.47 

36.52 
35.20 
30.12 

32.12 

30.23 
28.84 

30.22 

25.89 
18.33 

3.93 
3.92 

3.81 
3.85 

3.91 

3.98 
3.92 

3.74 
3.71 

4.11 
4.15 
3.91 

3.97 

3.79 
3.78 

3.92 

4.44 
4.05 

2 

3.76 
3.74 

3.62 
3.66 

3.75 

3.83 
3.73 

3.52 
3.50 

4.04 
4.07 
3.75 

3.82 

3.59 
3.56 

3.73 

4.40 

3.83 

3 

3.14 
3.11 

2.99 
3.03 

3.18 

3.25 
3.10 

2.85 
2.85 

3.66 
3.65 
3.19 

3.24 

2.94 
2.87 

3.08 

3.93 
2.87 

a Pb-Pb model ages and the model isotopic ratios are calculated according to (1) single-stage model, (2) the two-stage model of Stacey and Kramers (1975), and (3) the two-stage 
model of Huhma (1986) . 

'" '" 



Pb zircon ages . As far as the Suomenniemi com­
plex is concerned, the alkali-feldspars of the 
hornblende-dinopyroxene-fayalite granites have 
Stacey and Kramers (1975) model ages dosest to 
the true crystallization ag es (between 1550 and 
1600 Ma), while the alkali-feldspar syenites show 
the youngest model ages (1061 and 1248 Ma). The 
alkali feldspar sampie A373 from the Siipyy plu­
ton has a Stacey and Kramers (1975) model age 
of 1565 Ma, which is almost equal to the V-Pb 
zircon age of the granite (1562 ± 14 Ma; Idman, 
1989). 

Soviet Karelian rapakivi granites 

Compared with the Finnish sampies, the three 
whole rocks and the two alkali feldspar fractions 
from the Soviet Karelian batholiths have similar 
V and Pb concentrations but show distinctly less 
radiogenic Pb isotopic ratios. In 207Pbj204Pb 
vs. 206Pb/ 204Pb diagram (Fig. 34a) they plot 
c1early below the average crustal and model 
mantle crowth curves. Single-stage ~ values of 
the alkali feldspar fractions are 7.86 and 7.87, 
while ~2 values are 8.73 and 8.75 (model of 
Stacey & Kramers, 1975) or 6.59 and 6.39 (model 
of Huhma, 1986). A linear trend with an age of 
1508 ± 225 Ma (20) and MSWD of 4.1 can be 
fitted through the Soviet Karelian data. This age, 
although imprecise, is numerically compatible 
with V-Pb zircon ages measured for the Salmi 
batholith (Suominen, 1991; L. Neymark, pers. 
commun., 1990). The Stacey and Kramers (1975) 
model ages of the alkali feldspars, 1724 and 1886 
Ma (Table 6), are considerably higher than the 
actual crystallization ages. Vsing the Pb evolu­
tion model of Huhma (1986), lower ages are cal­
culated; the model age for the alkali feldspar 
from the Sotjärvi batholith (1541 Ma) is very 
dose to the crystallization age of the Salmi 
batholith. Pb-Pb ages for the individual alkali­
feldspar - whole rock pairs are 1491 Ma (sam­
pIe 9202) and 1527 Ma (sampie IYL/79). The age 
of the sampie from the Sotjärvi batholith, 1527 
Ma, is consistent with the assumption that the 
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two Soviet Karelian batholiths are (roughly) 
coeval. 

In the 208Pb/ 206Pb vs. 206Pb/ 204Pb diagram 
(Fig. 34b) the Soviet Karelian sampies plot 
toward a slightly high er average Th/ V ratio com­
pared with the Finnish sampies. A Th/ V ratio 
of 4.49 can be calculated for the Soviet Karelian 
data. 

Diabase dykes and the Lovasjärvi intrusion 

The diabase dykes exhibit high concentrations 
of V (0.56 to 2.71 ppm) and Pb (5.93 to 20.42 
ppm) compared with basalts in general, and show 
relatively radiogenic isotope ratios of Pb (Table 
7). The measured V/Pb ratios are generally be­
tween 0.07 and 0.13. The two analyzed plagio­
c1ase fractions show rather high isotopic ratios 
as weIl. The ratios differ from each other con­
siderably, which is probably due to extra radio­
genic Pb in the more radiogenic feldspar sampie 
A1064. Compared with the diabase dykes in 
general, the sampies from the Lovasjärvi intru­
sion have slightly higher uranogenic isotopic 
ratios of Pb, and show a similar pattern to that 
seen in Nd isotopes: the diabase A1069 is similar 
to the Subjotnian diabases, and the melatrocto­
lite A1129 shows much lower concentrations of 
V (0.36 ppm) and Pb (2.20 ppm), but has a com­
parable V/ Pb ratio (0.166). 

The Pb isotopic ratios of the Subjotnian dia­
bases and the Lovasjärvi intrusion are plotted in 
207Pb/ 204Pb vs. 206Pbj204Pb and 208Pbj204Pb 

vs. 206Pbj204Pb diagrams in Fig. 35. In the 
207Pb/ 204Pb vs . 206Pb/ 204Pb diagram (Fig. 35a), 
the sam pies plot dose to the average crustal Pb 
growth curve of Stacey and Kramers (1975) and 
fall along a secondary isochron with an age of 
1854 ± 65 Ma (20) and MSWD of 1.3. This age 
is about 200 Ma in excess of the true crystalliza­
tion age of the dykes determined from zircons 
and baddeleyites (Laitakari, 1987; Siivola, 1987; 
Vaasjoki et al., 1991). Sampie Al118, which devi­
ates from the other sampies, was omitted from 
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the calculation. The different Pb isotopic com­
position of this sampie could result from the dyke 
being considerably younger than the other dykes 
(about 1.1 Ga oId, Fig. 35c) or it may indicate 
that it had a Iess radiogenic initial Pb isotopic 
composition. These alternativc::s are, however, 
considered improbable as the isotopic systematics 
of the sam pie have most probably been affected 
by later U-gain: the concentration of U is about 
three times higher in this sampie than in the other 

diabases with comparable Pb concentrations 
(Table 7). The Stacey and Kramers (1975) J.12 
values calculated for the plagioclase fractions 
A1063 and AI064 are 9.69 and 9.62, respectively, 
which are close to the J.12 value (9.74) of average 
crustal Pb (Fig. 35). Stacey and Kramers (1975) 
second-stage model ages of the plagioclase frac­
tions are 1461 Ma (A1063) and 935 Ma (A1064). 

In the 208Pbj204Pb vs. 206Pbj204Pb diagram 
(Fig. 35b), the plagioclases plot close to the 

Table 7. V-Pb whole rock ami plagioclase isotopic data for the basic rocks. 

Sampie V (pprn);! Pb (ppm)a V/Pb 206Pbp04Pb 207Pb P04Pb 208Pbp04Pb 

Diabase dykes 
Suomenniemi swarm 

A1063 0.65 6.86 0.0953 17.914 15.562 37.824 
A1064 1.00 7.57 0.1320 18.451 15.632 37.962 
AllOl 0.56 7.73 0.0719 17.527 15.522 37.248 
All02 1.38 13.09 0.1054 18.496 15.640 38.012 
A1098 1.01 10.56 0.0956 17.980 15.587 38.012 
A1ll8 2.71 6.64 0.4081 20.285 15.696 37.106 
A1047 1.87 15.56 0.1202 18.777 15.702 39.351 
A1068 1.51 11.42 0.1322 18.348 15.626 37.966 
35.1 1.61 20.42 0.0788 17.482 15.532 37.438 
A1063/ plagioclase 16.201 15.390 35.690 
A1064/ plagioclase 17.111 15.492 36.442 

Hämeswarm 
A808a 0.62 6.24 0.0992 17.922 15.595 37.765 
AI135 0.59 5.93 0.0993 17.826 15.557 37.765 

Lovasjärvi intrusion 
A1069 0.85 7.98 0.1063 18.802 15.680 37.833 
A1l29 0.36 2.20 0.1655 19.185 15.718 38.215 

Gabbroic and anorthositic ro.;ks 
Suomenniemi complex (Väärälampi body) 

A1048 0.66 14.13 0.0469 17.461 15.582 36.763 
A1048b 0.93 13.01 0.0715 17.570 15.563 37.190 

Ahvenisto complex 
All10 0.13 2.41 0.0544 17.411 15.483 37.042 
A1l8 0.71 7.15 0.0999 17.681 15.543 37.489 
MH87a 0.081 2.79 0.0289 16.504 15.429 36.062 

Wiborg batbolitb (Ylijärvi) 
A1l9 0.40 5.72 0.0698 17.351 15.540 36.999 

Laitila batbolitb (KolinulIlmi intrusion) 
A691b 0.66 10.46 0.0627 17.469 15.559 37.775 

Aland batbolith (Höggrullld) 
7890 0.29 3.58 0.0796 17.878 15.566 37.596 

Note: The accuracy of the isotopic ratios is ± 0.15%. 

a alI concentrations by isotop': dilution. 



.c 
Il. 
g 

[Diabase dykes & Lovasjärv] 
15.8 

~ 15.6 .c 
Il. 

"" o 
'" 

15.4 
"-- Mantle (/12 ~ 8. 97) 

.c 
Il. 
v o 
'" ....... 
.c 
Il. 

"" o 

'" 

16 17 

P/agioclase - whole rock isa­
chrons 01 sampies AI063 & 

15.8 AI064, anti a hypotherical 

errorchron Jor a sampie 
(AI I 18) which shows post­
crystallizarion uranium-gain 

15.6 

15.4 

18 19 

17\". (AI064J 

18 19 

20 a) 

20 C) 

.c 
Il. 
v 
o 

'" 

39 • 
e rust (11 2 ~ 9.74, w2 ~ 36.84)~ 

,JA:~ 
:c- 37 

/0
\/ AlllS. 

Il. 
CI) 
o 

'" (j) SampIes: 

• Suomenmeml swami, whole rock 

(j) (j)Suomenniemi swarm , plagioc/ase 

• Häme swarm 
35 

... Lovasjärvi intrusion 

16 17 18 19 20 b) 

Fig. 35 . Pb isotopic composition of the diabase dykes and the Lovasjärvi 
intrusion (Table 7) plotted in (a) 207Pb/204Pb vs. 206Pb/204Pb and (b) 
2OsPb/206Pb vs . 206Pb/204Pb diagrams . (c) shows plagiocIase - whole rock 
isochrons for dykes AI063 and AI064 as well as an errorchron for dyke AII18 
assuming that it had an initial Pb isotopic composition equal to the compo­
sition of AI063 plagiocIase. In (a) and (c) growth curves for average crustal 
Pb (Stacey & Kramers, 1975) and the plumbotectonics model mantle (Doe 
& Zartman, 1979) are shown. The single growth curve in (b) is that of aver­
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growth curve of average crustal Pb, and the 
somewhat scattered wh oIe rock data cluster 
around the crustal growth curve as weIl. The 
sampIe A1118 shows a lower Th/V ratio than the 
other sampIes, in accord with its high V content. 
No reasonable regression line can be fitted to the 
data. 

Pb-Pb crystallization ages of 1632 Ma (dyke 
A1063) and 1706 Ma (dyke AI064) are ca1culated 
from the corresponding plagioclase-whole rock 
pairs (Fig. 35c) . Dyke AI063 with the less radio­
genic feldspar fraction gives an age that is con­
sistent with the V-Pb zircon and baddeleyite de­
terminations of the diabase dykes and the Lovas­
järvi intrusion, which in turn suggests that the 
Pb isotopic composition measured for this 
plagioclase is possibly close to that in the dyke 
at the time of its crystallization. The higher cal­
culated age (1706 Ma) of the sampIe A1064 could 
indicate that the dyke is older than the ages 
measured for the Subjotnian diabases so far. This 
age should not, however, be considered the actual 
crystallization age of the dyke, because excess 
radiogenic Pb in the feldspar fraction may have 
obscured the actual isochronous relationship of 
this particular feldspar-whole rock pair. 

Gabbroic and anorthositic rocks 

The gabbroic and anorthositic rocks show V 
concentrations from 0.081 ppm (MH87a anor­
thosite) to 0.93 ppm (AI048b gabbronorite) and 
Pb contents from 2.79 ppm (MH87a) to 14.13 
ppm (AI048 leucogabbronorite), and, like the 
diabase dykes, exhibit relatively radiogenic iso­
tope ratios of Pb. The V / Pb ratios are somewhat 
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lower than in the diabase dykes ranging from 
0.029 to 0.100. The sampIes from the Väärälampi 
and Kolinummi intrusions differ from the other 
sampIes in having generally higher V and Pb con­
centrations. The anorthosite sampIe MH87a has 
the lowest V / Pb ratio and thus probably the 
smallest amount of extra radiogenic Pb . A 1!2 
value of 9.67 and a second-stage model age of 
1290 Ma are ca1culated for the sampie MH87a 
according to the model of Stacey and Kramers 
(1975). 

The Pb isotopic data of the gabbroic and anor­
thositic rocks are plotted in 207Pbj204Pb vs. 
206Pb/ 204Pb and 208Pbj204Pb vs. 206Pb/ 204Pb dia­
grams in Fig. 36. In the 207Pbj204Pb vs. 
206Pbj204Pb plot (Fig. 36a) the data exhibit 
moderate scatter and plot, like the Pb isotopic 
data on the diabase dykes, close to the evolution 
of average crustal Pb. The sampies from the Ah­
venisto complex have lower V/Pb ratios than the 
sampies from the four other bodies. The olivine 
gabbro AIII0 plots below the crustal growth 
curve and thus closer to the mantle evolution than 
the other sampies . The anorthosite MH87a plots 
close to the growth curve of average crustal Pb. 
No reasonable linear trend can be fitted to the 
data on the Ahvenisto complex. The sampies 
from the Väärälampi and Kolinummi bodies plot 
slightly above the average crustal crowth curve. 
Sampie Al19 from the Ylijärvi anorthosite falls 
on the crustal crowth curve, and the Höggrund 
leucogabbro 7890 plots slightly below it. In the 
208Pbj204Pb vs. 206Pb/204Pb diagram (Fig. 36b) 
the sampies plot again along the growth curve of 
average crustal Pb. The sampies of the Ahvenisto 
complex fall along a regression line (not shown 
in Fig. 36b) with a ca1culated Th/V ratio of 3.95. 

MAGMA EVOLUTION IN THE SUOMENNIEMI COMPLEX: SILICIC ROCKS AND 
ALKALI-FELDSP AR SYENITES 

As is evident from the discussion above, the sodes of silicic magma intrusion. About 1640 Ma 
Suomenniemi complex comprises two major epi- ago the granitic magmas that formed the bulk of 
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the Suomenniemi batholith were emplaced. This 
was followed (presumably at about 1635 Ma) by 
rifting associated with volumetrically minor in­
jections of silicic magma through northwest­
trending fissures, producing the quartz-feldspar 
porphyry dykes that cut the Suomenniemi 
batholith as well as its country rocks (cf. Appen­
dix 4). In addition to the two episodes of silicic 
magma intrusion, a small amount of peralkaline 
intermediate magma was emplaced in the east­
ern Suomenniemi batholith, and is now observed 
as roughly northwest-trending syenitic dykes 
crosscutting the batholith. 

The timing of the peralkaline magmatism is 
somewhat uncertain. As the: alkali-feldspar 
syenite dykes cut the granites 01' the Suomennie­
mi batholith, the upper age limit for them is 
about 1640 Ma. The 207Pbj204Pb age of a zircon 
fraction in one of the dykes is 1629 ± 6 Ma (V aas­
joki et al., 1991), and hence on that basis the dyke 
could be roughly coeval with the quartz-feldspar 
porphyry dykes, or younger. There are no ob­
servations of cross-cutting qua.rtz-feldspar por­
phyry and peralkaline dykes, but the trend of the 
dyke sets show that they were possibly emplaced 
along the same overall fracture system. If the 
quartz-feldspar porphyries and alkali-feldspar 
syenites represent two descrete melting episodes 
in the lower parts of the Svecof,ennian crust, they 
probably are not coeval and, in the light of the 
V-Pb zircon data, the latter may be the younger 
episode. 

A discussion of the magma evolution of the 
felsic rocks of the Suomenniemi complex thus 
needs to deal separately with (1) evolution of the 
granitic rocks constituting the bulk of the 
Suomenniemi batholith, (2) evolution of the 
quartz-feldspar porphyry dykes, and (3) evolu­
tion of the alkali-feldspar syenites. In order to 
provide the background to such discussion, 
selected major element vs. silica, trace element 
vs. silica, and compatible-incompatible element 
ratios vs. silica variation diagrams were con­
structed for the granites of the Suomenniemi 
batholith (Fig. 37) and for the quartz-feldspar 
porphyries and alkali-feldspar syenites (Fig. 38). 
Most of the variation diagrams show distinct 
compositional trends. In Fig. 37 constituents that 
gene rally are considered to behave compatibly in 
granitic magmas (e.g., Ca, Ti, Ba, Sr, and Sc) 
show declining trends with increasing silica, while 
incompatible constituents (Rb, F) exhibit increas­
ing trends. The hornblende-clinopyroxene-faya­
lite granites form a distinct group in many of the 
diagrams (Figs. 37c, g, h, j, and n), as do the 
quartz-feldspar porphyry dykes and alkali­
feldspar syenites in Fig. 38. 

In the follo wing, various mechanisms causing 
chemical variability in felsic igneous suites are 
discussed, methodology of modeling trace ele­
ment variations in partial melting and crystalli­
zation is briefly reviewed, and an attempt is made 
to explain the compositional variations measured 
for the granites of the Suomenniemi batholith . 

Processes producing chemical variation within felsic igneous suites 

Chemical variation within fdsic igneous suites 
can result from several proces.ses. These include 
variable degrees of partial melting of the protolith 
and/ or subsequent fractional crystallization (e.g., 
McCarthy&Hasty, 1976; Hanson, 1978), restite 
unmixing (White & Chappell, 1977; Chappell et 
a1. , 1987), wall-rock assimilation (Lee & Chris­
tiansen, 1983; Reece et a1., 1990), magma mix­
ing (Reid et a1., 1983; Whalen & Currie, 1990), 

and various processes involving liquid fractiona­
tion (liquid immiscibility, fluid separation, ther­
mogravitational diffusion; see Christiansen et al. , 
1984, and references therein). 

The rapakivi granites, in accord with what is 
suggested for A-type granites in general, pro­
bably crystallized from relatively high-tempera­
ture, and consequently restite-poor, magmas (cf. 
Collins et al., 1982; Clemens et al., 1986; Whalen 



et al. , 1987). Hence the restite unmixing hypoth­
esis can probably be rejected as a potential cause 
for the observed elemental variations . Incon­
trovertible petrographic evidence for unmixed 
restite component (e.g., strongly zoned plagio­
c1ase crystals with calcic cores or small aggregates 
of crystals presumably representing fragments of 
unmelted protolith; cf. Chappell et al., 1987) has 
not been found in the felsic rocks of the Suomen­
niemi complex, and the inflections in the varia­
tion diagrams (Figs. 37e, j, and k) are not ex­
pected to occur in trends caused by restite unmix­
ing (cf. White & Chappell, 1977, p. 16; Chap­
pell et al. , 1987, p. 1125). 

Likewise, wall-rock assimilation is not consid­
ered to have played a major role in the evolution 
of the felsic rocks of the Suomenniemi complex. 
Wall-rock assimilation would result in a variable 
initial isotopic composition of the radiogenic iso­
topes, provided that, in this case, differences ex­
isted in the isotopic composition of the rapakivi 
granite magma and the Svecofennian upper crust 
into which the granites were emplaced . No Nd 
isotopic data are available of the immediate coun­
try rocks of the Suomenniemi batholith, but evi­
dence from the Tampere area some 150 km 
northwest of the Suomenniemi complex (Huhma, 
1987) suggests that the Nd isotopic composition 
of the Svecofennian upper crust may be slightly 
less radiogenic than that measured for the felsic 
rocks of the Suomenniemi complex (see also the 
discussion on the basic rocks in this work). As 
regards Pb isotopes, the upper continental crust 
has in general a relatively high overall V/ Pb ratio 
(e.g., Doe & Zartman, 1979) and it is easy, 
provided that the crust was differentiated in 
terms of the V/ Pb ratio, to detect incorporation 
of such material into magmas derived from 
deeper sources. As will be shown later, incorpo­
ration of extra Pb and possibly also Nd are 
needed to explain differences encountered in 
initial Pb and Nd isotopic composition of the 
granites of the Suomenniemi batholith. It is im­
probable, however, that wall-rock assimilation 
was a major cause for the compositional varia-
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tions observed. 
Mixing of mafic mantle magmas and anatec­

tic felsic melts has been invoked as a mechanism 
for generating chemical variation in certain grani­
toid suites. For example, in the Topsails A-type 
igneous suite in western Newfoundland metalu­
minous granites are considered to represent the 
result of mixing of a peralkaline magma and 
mafic magma, coupled with wall-rock assimila­
tion and fractional crystallization (Whalen & 

Currie, 1990). Evidence for coeval silicic and 
basic magmas in the Suomenniemi complex are 
found in the silicic-basic composite dykes. One 
of the dykes shows the development of inter­
mediate hybrid rocks in the contact zones of the 
two magmas (Fig. 16), while the other dykes (cf. 
Fig . 17) show very little silicic-mafic magma in­
teraction, demonstrating the restricted miscibil­
ity of these contrasting magma types. Because the 
granite types in the Suomenniemi batholith are 
rather felsic and homogeneous throughout and 
because hardly any intermediate rocks are found 
in the Suomenniemi complex, it is improbable 
that mixing of the basic and the silicic anatectic 
melts alone could be responsible for the chemi­
cal variation measured for the granites of the 
batholith. 

Regarding liquid fractionation processes, ther­
mogravitational diffusion is considered to be im­
portant at the top of so me very silicic magma 
chambers but is considered to be of minor im­
portance in the evolution of alkali feldspar-rich 
granitoid rocks in general (Cullers & Graf, 1984). 
Immiscible fluoride and silicate liquids may form 
in fluorine-rich magmas, but the concentration 
of fluorine has to be very high (around 3 to 6 
wtOJo in granitic liquids) for immiscibility to oc­
cur (cf. Christi ansen et al., 1984, and references 
therein). Separation of a fluid phase as a major 
cause of chemical variation in the rapakivi 
granites is unlikely in the light of the overall dry 
nature of the bulk of the granites . Variable 
degrees of partial melting and fractional crystal­
lization thus remain as the major candidates for 
the cause of the observed chemical variation. 



74 Geological Survey of Finland , Bulletin 355 

ur----------------------------, 

\) ... 
• ... • • . ,,, 

2.D •• • 
1.5 • • 0 . 

CaO(wt"lo) 

• 
1.0 

0.5 

a) 
0.0 

10r----------------------------, 

b) 

••• \i: \" 
•• •• 

. 0 " 

FeO' (wt"lo) 

1.0 ~~------------------------1 O~r-------------------------_. 

~ 0.1 

•• 
~" 

0.8 ~ .. 
• ••• 

004 • 0 .. 
0.2 

0.0 d) 

Ti02 (wt"lo) 
0.20 

0.15 

0.10 

0." 
~ 
.. 

• 
• • .. .... 

• 'J • . " • .' , Cl 
i OIZL 

o.~ .j....:e:..) __ I-_____ -+-_____ o---.,,/. .... /.b _____ ---< 

2250r---------------------------,~r-------------------------__, 

•• •• +. 
• 0 

2000 • Ba (ppm) 
1750 

1500 

1250 

1000 

750 

500 

250 
g) 

1~r_------~~-----------------, 

Zr (ppm., 
1000 

... • 

... • ... 
o 

~ 

J) 

1~r_------------------------------

10 
'" 

, " · cPI'1."' Ll . 
• •• # 

nl) .. .. 68 70 72 74 76 711 

5102 (wt"Io) 

175 Sr (ppm) 

150 

12. 

1~ • 
/~\\ :. 
~. 

• • 'r, Ce 

50 
" :J 0 

h) o , 

20 r-----.---,-.-----------------

" 

12 

10 

0.1 

.. 

k) 

• 

W· 
• .0· ... • 

Rb/Ba 

Q. '·0 ,. •• <;;I. 

•• # 

• 
.. .. 70 

n 

Cl 
'0 

" p 

• 

72 

5i02(wt%) 

Sc (ppm) 

n) 

7 • 7 • 78 

,-____________________________ -, 0.7 

MgO(wt"lo) 

• • v' . . - • • • -
• .. .. 

" 'LI = • 
'/ 

c) 

64 

F(ppm) 

f~ 

' 0 
C 

o ,..0 
• • ~( .. • 

... 010 

Rb (ppm) 0(' 

.' " • (c-
f "' n D 0 

~·~ t. o • 
C-!-~ •• ~ • 

I) 

'6 

r 
"').J ':J 

' t. lJ 
0 

68 70 n 74 

5i02 (wt"Io) 

• 1I0'flb/~n.d~ granltt 

KlRb 

" 

• Biotite-hornbltndt granite 

Biotj/e granite 

Porphyrmc b,otlle granite 

Topaz-~ariflg granite 

f) 

I) 

0.' 

0.' 

0.' 

0.3 

0.2 

0.1 

0.0 

10000 

8000 

8000 

4000 

2000 

800 

7~ 

eoo 

500 

... 
300 

~ 

1~ 

3~ 

250 

2~ 

150 

1~ 

50 

78 

Fig. 37. The analyses of the granite:; of the Suomenniemi batholith (Appendix I) plotted in (a) CaO vs. Si02, (b) FeO* 
vs. Si02, (c) MgO vs. Si02, (d) TiO:,vs . Si02, (e) P20 jVS. Si02, (f) F vs. Si02, (g) Ba vs. Si02, (h) Sr vs. Si02, (i) Rb vs . 
Si02, (j) Zr vs. Sial> (k) Sc vs . Si02 , 01 K/ Rb vs. Si02, (m) Rb/ Sr vs . Si02 , and (n) Rb/ Ba vs. Si0 2 variation diagrams . 
Compositions of the hornblende-clinopyroxene-fayalite granites are enclosed . FeO* denotes total iron as FeO. 



Geological Survey of Finland , Bulletin 355 75 

4.0,-_____________ -, 
10r---------------, 

3.5 CaO (wt%) FeO· (wt%) 

3.0 

2.5 

2.0 

1.5 

1.0 

8) b) 
0.5 ~-+-~~-~~ __ ~~~~~~ 

1.2 .--------------___, 0.30 r---------------, 

1.0 
Ti02 (wt%) 

0.25 

DA 0.20 

0.6 0.1 5 

0.4 0.10 

0.2 0.05 
'ii - - - cf', 
" a ° " 

d) - - - , _0 _ g' 
0.0 ~.:....--~~-~~ __ ~~~~_+_~ 0.00 l-'-+-+--+-~~-~~ __ ~~~ 

2000 250,----------------, 

1150 

1500 

1250 

1000 

'50 

500 

250 

g) 

I 

I 
I 

I 
IQ 

Ba (ppm) 

I C 
I '2> 

1200 ,----------------, 

1000 

800 

600 

400 

200 

J) 

Zr (ppm) 

/"c- - - - -0', 
I I 

\ 0 
\ 

\ 

I 

I 
~ I 

\ \ 
,~ _ 9' 

1OO r---------------, 

10 

Rb/Sr 

/--; 
~ 

,-
I ' 

, 
. , 

I 
I 

m) 
~ M ~ ~ ~ ~ ~ ro n N n 

Si02(Wt%) 

200 

".) 

100 

50 

h) 

, 
I 

I 

I 

I 

Sr (ppm) 

, 
I 

L I 

----_C! 

24 .-~====~---------___, 

\) Sc (ppm) 
20 

16 

12 

k) 

10 r----------------, 

0.1 

Rb/Ba 

0 "",6 

I. 6 
[, 

/ , 
' 0 
\ 

, 

, 
, 

0,' 

\ oOl / 
',0 I 

' .. .0'/ 
n) 

~ ~ ~ ~ ~ ~ ~ ro n N n 
Si02(Wt%) 

r--------------~ DA 

MgO (wt%) 0.' 

0.' 

0.' 

0.4 

~o"' Ö ' 
... rtrJ', 0.3 

o 3 , 0.2 

.... _--J:i: 0.1 

~c:..:.)-+--+-----<~_+___+____<-+___+___+____l. 0.0 

r-----------~~~~ /,c' ... 
F(ppm) :l 7000 

1 

1 

1 
1 

~ ' 
1 I 

I ~, 0 LJ I 

,, ~~,' 

.... , 

3000 

2000 

1000 
I) 

r--------------~~ 

Rb (ppm) 

, 
, 0 
" 

, , 

0 ' 
I , 

... 
300 

200 

I) 
~~~~_+_~-_+_~-~~-+_~100 

r--------------~ 300 

/ 

10 
\ 

\ 
\ 

KlRb 

I 

0
' I 

250 

200 

150 

\ 

\ 
\ 

\ 

\ 100 

D 
' 8-

~ ~ ~ ~ " ~ ~ ro n N n 
Si02(wt%) 

Quartz -Jeldspar porphyry 

A/kail-[eldspar syenire 

Fig. 38 . The analyses of the alkali-feldspar syenites and quartz-feldspar porphyry dykes of the Suomenniemi complex (Ap­
pendix 1) plotted in (a) CaO vs. Si02, (b) FeO· vs. Si02, (c) MgO vs. Si02, (d) Ti02vs . Si02, (e) P20SVS. Si02, (f) F vs. 
Si02, (g) Ba vs. Si02, (h) Sr vs. Si02, (i) Rb vs. Si02, U) Zr vs. Si02, (k) Sc vs. Si02, (I) K/ Rb vs. Si02, (m) Rb/ Sr vs. 
Si02, and (n) Rb/ Ba vs. Si02 variation diagrams . FeO· denotes total iron as FeO. 



76 Geological Survey of Finland, Bulletin 355 

Methodology of modeling partial melting and fractional crystallization 

Several methods have been proposed for 
modeling the behavior of trace elements during 
generation and crystallization of silicate melts (cf. 

Allegre & Minster, 1978; Hanson, 1978). A 
widely used model to quantify trace element 
evolution during silicate melt generation is batch 
melting. In batch melting the trace elements in 
the melt and solid residue are expected to remain 
in equilibrium as melting proceeds until the melt 
is separated from the unmelted residue. Batch 
melting (Shaw, 1970) is described by the equation 

where cL is the concentration of element I m 
the melt, C~ is the concentration of element i in 
the original solid, D~ is the bulk partition coeffi­
cient of element i in the original solid, F is the 
extent of partial melting, and p i is the bulk par­
tition coefficient in the mineral assemblage that 
enters into the liquid. The bulk partition coeffi­
cients D~ and p i are the sums of the crystal/ 
liquid partition coefficients of the minerals con­
stituting the appropriate assemblages, weighted 
according to their weight proportions. If batch 
melting is modal, i.e. the melting mineral assem­
blage equals that of the original solid, equation 
(4) is simply 

(5) CL = . C~ . 
D~ +F(l-D~) 

(Shaw, 1970). Equation (5) shows that the smaller 
the extent of melting, F, is, the more the concen­
tration ratio CL/C~ deviates from unity, and 
that if the bulk partition coefficient D~ is larger 
than I, the concentration ratio cL/c~ appro­
aches a limiting value of l/D~ as F approaches 
zero (cL Hanson, 1978, Fig. 1). 

The most widely used model to assess trace ele-

ment evolution in crystallizing silicate melts is 
fractional crystallization that can be described by 
the equation 

where cL is the concentration of element i in the 
residual melt, C~ is the concentration of element 
i in the initial melt, F is the fraction of melt left, 
and Di is the bulk partition coefficient of the 
crystallizing mineral assemblage for element i. In 
this model , which is a modification of the Ray­
leigh distillation law (Rayleigh, 1896), equilibri­
um is assumed only between the surface of the 
crystallizing phases and the melt , and the precipi­
tated minerals are assumed to become isolated 
from the residual melt by, for example, accumu­
lation on the floor or the walls of the magma 
chamber. 

Although batch melting and fractional crystal­
lization models are idealized approximations 
of the melting and crystallization processes tak­
ing place in magma sources and chambers, they 
provide a reasonable basis on which to model 
partial melting and fractional crystallization in 
igneous systems (cL Allegre & Minster, 1978; Cox 
et al. , 1979). As regards silicic magma evolution, 
however , the fractional crystallization model may 
be questioned on the grounds that silicic magmas 
may be too viscous for the precipitated crystals 
to become isolated from the evolving magma. 
Such incomplete separation of the crystals results 
in compositional trends that consist of bands of 
variable width, rat her than of simple curves, but 
these can be assessed by calculating the trace ele­
ment evolution in the precipitated solids (cf. 
McCarthy & Hasty, 1976; Christiansen et al. , 
1988). In the high-temperature, largely liquid, F­
bearing A-type magmas complications arising 
from incomplete separation of precipitated so lids 
and liquid are probably of less importance than 
in other more viscous granitic magmas. 
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Evolution of the granites of the Suomenniemi batholith 

The compositional variations shown in Fig. 37 
suggest that the sequence hornblende granite -
biotite-hornblende granite - biotite granites -
topaz-bearing granite in the Suomenniemi 
batholith may constitute a single differentiation 
series, and could register various degrees of pro­
tolith partial melting or fractional crystallization. 
The hornblende-clinopyroxene-fayalite granites 
are distinct from the main variation sequence in 
having lower Ba and Sr contents, and higher Zr 
contents and Fe/ Mg ratios than the hornblende 
granites with comparable Si02 (Figs. 37b, c, g, 
h, and j), indicating that they may belong to a 
different suite. This interpretation would also be 
consistent also with the field relations, as the 
hornblende-clinopyroxene-fayalite granites are 
found to cut the biotite-hornblende granites and 
hornblende granites of the batholith (Fig. 8). Be­
cause the hornblende-clinopyroxene-fayalite 
granites show little compositional variation the 
following discussion will focus on modeling the 
evolution of the sequence hornblende granite -
biotite-hornblende granite - biotite granites -
topaz-bearing granite. 

Partial meIting vs. fractional crystallization 

To test whether the compositional variations 
in the granite sequence of the Suomenniemi 
batholith could be due to different degrees of 
partial melting or to fractional crystallization, 
variations in compatible trace element contents 
of the granites were used. As can be seen from 
Figs. 37g and h, Ba and Sr have obviously 
behaved as compatible elements over the course 
of differentiation sampled, showing decreasing 
trends from 2090 to 56 ppm and from 191 to 
< 10 ppm, respectively (Appendix 1) . Typical 
bulk D-values for Ba and Sr in feldspar-domi­
nated rocks of the continental crust are on the 
order of 2 to 3 (Hanson, 1978; Christiansen 
et al., 1984), and hence relative variations caused 

by different degrees of batch partial melting of 
such rocks would be 1/2 to 1/3 in terms of the 
CUC~ ratio (cf. equation [5]). Accordingly, 
batch melting of a typical crustal source with 
average abundances of about 250 ppm Ba and 
Sr (Taylor & McLennan, 1985) would yield max­
imum ranges of about 250 to 85 ppm for Ba and 
Sr . These ranges are considerably sm aller than 
those observed in the granites of the Suomennie­
mi batholith and render variable degrees of par­
tial melting of a feldspar-dominated source im­
probable as the cause for the observed chemical 
variations. This is even more true for protoliths 
with smaller amounts of feldspar due to their 
lower bulk D-values for Ba and Sr . 

Fractional crystallization modeling 

On the basis of the preceeding discussion it 
appears that fractional crystallization could be 
the major cause for the observed chemical vari­
ations in the granites of the Suomenniemi 
batholith . Some indication of the fractionating 
minerals that could have controlled the magma 
evolution of the granites is given by the variation 
trends in Fig. 37. The declining CaO, FeO, MgO, 
Ti02, P 20 5' Ba, Sr , and Zr contents with in­
creasing Si02 (Figs . 37a, b, c, d , e, g, h, and j) 
may have resulted from fractionation of feld­
spars, biotite, hornblende, pyroxene, Fe-Ti­
oxides, apatite, and zircon. The decreasing 
K/ Rb ratios (Fig. 371) and increasing Rb/ Sr and 
Rb/ Ba ratios (Figs. 37m and n), however, sug­
gest that alkali felds par is needed in the fraction­
ating mineral assemblage and that major biotite 
fractionation probably did not take place . Fur­
thermore, the distinctive positive correlation in 
the F vs. Si02 diagram (Fig. 37f) suggests that 
amphibole or biotite may have not been major 
fractionating phases. If the whole range of 
differentiation sampled re fleets the evolving mag­
ma composition, fractionation of zircon may 



Table 8. Composition of olivine, clinopyroxenes, amphiboles, alkali feldspar, ilmenite, and garnet In the granites and alkali-feldspar 

Suomenniemi complex. 

Olivine Clinopyroxenes Amphiboles Alkali fe\dspar 

SampIe All30 Al130 Al164 Allll All30 A1045 All30 

[1) (3) 11) (2) (2) (3) [ I) 

Si02 (wt%) 29.39 47.47 49.01 52.57 39.97 j9.üi 68.82 
Ti02 0.00 0.31 0.14 0.04 0.47 2.05 0.04 

Al20 3 0.04 0.85 0.68 0.45 9.60 9.14 20.10 

FeO· 68.87 29.22 29.46 29.92 31.38 30.81 0.08 

MnO 1.40 0.54 0.55 0.44 0.40 0.33 0.00 

MgO 0.72 1.45 1.36 1.58 1.55 1.60 0.00 

CaO 0.00 19.75 14.00 5.98 10.39 10.42 0.11 

Na20 0.00 0.27 4.45 8.62 1.77 1.75 1.18 

K20 0.00 0.01 0.00 0.02 1.48 1.73 9.18 

Cr203 0.00 0.02 0.02 0.00 0.00 0.00 0.00 

NiO 0.07 0.02 0.11 0.01 0.02 0.08 0.00 

Total 100.49 99.93 99.78 99.62 97.03 96.92 99.51 

End-member composi tions (mole% ): 

FOb 1.8 Wob 44.3 An 0.8 

Fab 98.2 Enb 4.5 Ab 16.2 

Fsb 51.2 Or 83.0 

Note: Electron microprobe analyses by Walter Boyd. Numbers in square brackets denote the number of measurements. 

• Total Fe reported as FeO. 

b Calculated assuming all Fe as Fe2+. 

Ilmenite 

Al130 

[1) 

IlM 
V.VJ 

51.11 

0.00 

47.71 

0.65 

0.02 

0.00 

0.05 

0.00 

0.22 

0.00 

99.79 

syenites of the 

Garnet 

Al164 

[1) 

34.75 

1.23 

0.33 

31.72 

0.67 

0.04 

31.23 

0.09 

0.00 

0.00 

0.08 

100.14 



have begun relatively late in the crystallization 
sequence (this is indicated by the marked inflec­
tion at about 71 wt% Si02 in Fig. 37j), whilst 
fractionation of apatite could have been more 
effective at the early stages (Jess pronounced but 
yet clear inflection at about 70 wtOJo Si02 in Fig. 
37e) . As regards fractionation of phases concen­
trating the LREE (e.g., allanite, monazite), Fig . 
21a indicates that they may have been precipi­
tated rather late in the sequence, probably dur­
ing the interval from the biotite granites to the 
topaz-bearing granites. 

In order to get a more quantitative picture of 
possible fractional crystallization processes in the 
Suomenniemi batholith, the least-squares major 
element approximation method was used to as­
sess possible fractionating mineral assemblages 
which could have shifted the composition of the 
evolving magma from an assumed initial mag­
ma composition to an assumed evolved compo­
sition. These major element constraints were then 
used to model trace element variations accord­
ing to the Rayleigh distillation law (equation [6]) 
using Ba, Sr, and Rb . The caJculations were per­
formed using the least-squares approximation 
program MAGFRAC (Morris, 1984) and the 
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trace element modeling program MODULUS 
(Knoper, 1989). 

The first premise examined was whether the 
range of measured compositions (cf. Fig. 37) 
could represent daughter liquids from a common 
parent magma. In principle, this might have been 
possible in the F-rich, relatively low-viscosity 
rapakivi granite magmas, although incomplete 
separation of precipitated crystals from residual 
magma may be a more normal case in silicic mag­
mas (cf. TindIe & Pearce, 1981). For an assumed 
initial liquid, the composition of hornblende 
granite 0202 .1 from the eastern flank of the 
Suomenniemi batholith (cf. Appendix 4) was 
used. The rock is a medium-grained, slightly por­
phyritic granite collected near the outer contact 
of the batholith . It is relatively low in silica 
(Si02 = 67 .7 wt%) and has the highest Ba and Sr 
contents (2090 and 91 ppm, respectively) as weil 
as the lowest Rb content (160 ppm) of all the ana­
lysed granites . The composition of the most sili­
ceous topaz-bearing granite M664.1 b from the 
north-central part of the batholith was used for 
the assumed most evolved liquid composition. 
This granite contains 77.0 wt% Si02 , 151 ppm 
Ba, and < 10 ppm Sr and has a high abundance 

Table 9. Mineral compositions used for major e lement least· squares approximation calculations of the granites of the 
Suomenniemi batholith. 

Hornblende Biotite Plagioclase Alkali feldspar Clinopyroxene Fayalite Oxide Apatite 

Si02 (wt%) 40.28 36.18 64.78 66.91 47.53 29.27 0.08 0.00 

Ti02 2.11 3.27 0.00 0.08 0.31 0.00 26.16 0.00 

Al20 3 9.79 13.30 20.74 19.96 0.85 0.04 0.15 0.00 

FeO 32.19 36.87 0.82 0.06 29.26 68.58 73. 14 0.16 

MnO 0.29 0.21 0.00 0.01 0.54 1.39 0.38 0.29 

MgO 1.51 1.37 0.32 0.00 1.45 0.72 0.04 0.00 

CaO 10.36 0.40 2.60 0.10 19.78 0.00 0.02 56.54 

Na20 1.64 0.40 9.33 0.94 0.27 0.00 0.03 0.09 

KzÜ 1.85 8.01 1.40 11.94 0.01 0.00 0.00 0.00 

P20 S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.92 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Note: Feldspar end-member compositions are An 12AbgOOrg and Ano.sAbIOSOrg9 · 



Table 10. Least-squares major element modeling of the granites of the Suomennierni batholith. See text for details. 

MODELA MODELB 

Fractionating assemblage: 

47% alkali feldspar 41 % alkali feldspar 

17% plagioclase plagioclase 

hornblende 53% hornblende 

biotite biotite 

quartz 1% quartz 

24% clinopyroxenc clinopyroxene 

5% fayalite fayalite 

6.5 % oxide 3% oxide 

0.5% apatite 2% apatite 

Fa 0.59 0.68 

1: R2b 
< 0.05 < 0.09 

Model liquid compositions: 

Initial Initial Evolved Initial Initial Evolved 
Assumed Calculated Assumed Assumed Calculated Assumed 

Si02 68.25 68.25 77.45 as in A 68.25 as in A 

Ti02 0.80 0.79 0.05 0.69 

AI20 3 13.11 13.09 13.18 13.17 

FeOe 6.59 6.60 0.54 6.63 

MnO 0.11 0.11 0.03 0.08 

MgO 0.44 0.24 0.10 0.32 

CaO 2.53 2.54 0.41 2.42 

Na20 3.03 3.07 3.76 2.94 

KzO 4.98 5.00 4.46 4.89 

PzOs 0.15 0.13 0.02 0.30 

Note: The analyses were norrnalized to 100% total for the modeling. 

a Fraction of residual liquid remaining. 
b Surn of the squares of the residuals. 

MODELC 

67.5% alkali feldspar 

plagioclase 

hornblende 

biotite 

15.5% quartz 

12.5% clinopyroxene 

2% fayalite 

2.3% oxide 

0.2% apatite 

0.64 

< 0.24 

Initiald Initial Evolved 
Assumed Calculated Assurned 

73.38 73.38 as in A 

0.28 0.28 

13.06 13.25 

2.79 2.79 

0 .04 0.06 

0.22 0.13 

1.21 1.21 

2.94 2.62 

6.03 5.74 

0.04 0.04 

MODELD 

60% alkali feldspar 

plagioclase 

15.5% hornblende 

1.5% biotite 

21.5% quartz 

clinopyroxene 

fayalite 
f'I J:.O'- oxide v.v /u 

0.9% apatite 

0.60 

< 0.36 

Initial Initial Evolved 
Assumed Calculated Assumed 

as in C 73.37 as in A 

0.28 

13.29 

2.79 

0.04 

0.16 

1.12 

2.56 

5.67 

0.16 

C Total Fe reported as FeO. 

d Trace element abundances in the initial assumed magma of model C are (in ppm) : Rb 352, Sr 62, Ba 643, Zr 406, La 140, Ce 322, Nd 112, Sm 20.5, Eu Ul, Tb 2.1, 

Yb 8, Lu I, Zn 83, Ga 24, Nb 41, Y 113. 
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of Rb (622 ppm). It should be noted in this con­
text that several petrographic and geochemical 
features (e.g., occurrence of primary magmatic 
topaz and cassiterite; Haapala, 1977a; Haapala & 
Rämö, 1990) indicate that the topaz-bearing 
granites of the Finnish rapakivi granite intrusions 
are an integral part of their magma evolution and 
hence they need to be included in fractional crys­
tallization models. 

In regard to compositions of fractionating 
minerals, microprobe data shown in Table 8 
coupled with published mineral analyses were uti­
lized. The compositions listed in Table 8 were 
used for clinopyroxene and fayalite. Data from 
Simonen and Vorma (1969, Table 6, analysis no. 
1) was used for biotite, and the average of the 
amphibole compositions in Table 8 and in Simo­
nen and Vorma (1969, Table 4, analysis no . 2) 
for hornblende. Average of the composition in 
Table 8 and the mean of the alkali feldspar data 
of Törnroos (1984, Table 7b) was used for alka­
li felds par , while an oligoclase composition 
reported by Deer at al. (1963a, Table 14, analy­
sis no. 4) was used for plagioclase. The compo­
sition of apatite was taken from Deer et al. 
(1963b, Table 50, analysis no . 3) and a combined 
composition of ilmenite in Table 8 and magne­
tite from Haapala & Ojanperä (1972b, Table 2, 
analysis no. 4) was used for the Fe-Ti-oxide. For 
trace element modeling, commonly used crys­
tal/liquid distribution coefficients determined for 
silicic magmas were applied (Appendix 3) . Mi­
neral compositions used in the major element cal­
culations are listed in Table 9 normalized to 
100070 volatile free . 

Major element modeling was performed using 
various permutations of quartz, alkali feldspar, 
plagioclase, biotite, hornblende, clinopyroxene, 
fayalite, oxide, and apatite . The best fit was ob­
tained by subtracting 19% alkali feldspar , 10% 
clinopyroxene, 7% plagioclase, 2.7% oxide, 2% 
fayalite, and 0.3% apatite from the assumed in­
itial liquid with 59% residual liquid remaining. 
The sum of the squares of the residuals, LR2, 

for this fit is < 0.05, and the calculated model 
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composition is listed, together with the compo­
sitions of the assumed liquids, as model A in Ta­
ble 10. A somewhat less precise fit (LR2 < 0.09) 
was obtained by subtracting 17% hornblende, 
13% alkali feldspar, 1 % oxide, 0.6% apatite, and 
0.4% quartz with 68% residual liquid. This 
model is shown in Table 10 as B. Other mineral 
assemblages either turned out to be impossible 
to subtract or yielded fits with larger LR2'S. 

The fractionating mineral assemblage of model 
A is more compatible with petrographic obser­
vations because mafic silicates that could have 
controlled the composition of the relatively 
H20-poor rapakivi granite magma are more 
likely to be anhydrous; the hydrous mafic sili­
cate, hornblende, in model B fractionate is in­
variably found filling the interstices between feld­
spars and quartz, reflecting its relatively late 
precipitation from the magma. Furthermore, it 
has been shown (Clemens et al. , 1986) that an 
early-formed clinopyroxene may react with the 
residual magma to form hydrous ferromagnesian 
silicates in A-type melts. In the Suomenniemi 
batholith, some evidence for such early anhy­
drous ferromagnesian silicates is provided by 
amphibole and oxide pseudomorphs and fayalite 
relics that are commonly found enclosed in the 
hornblende of the hornblende granites and 
biotite-hornblende granites. 

The major element models A and B were tested 
in an attempt to model the evolution of Ba, Rb, 
and Sr. The results are shown in Figs. 39a and 
b. The suggested values of residual liquid remain­
ing are much too large for the models to account 
for the measured data ranges. This renders frac­
tional crystallization models A and B difficult to 
defend. The fact that fractional crystallization 
using the most primitive sam pie as the initial 
liquid results in models with too narrow trace ele­
ment evolutionary ranges suggests that the low­
silica granites (i.e., the hornblende granites and 
the biotite-hornblende granites) may carry vary­
ing amounts of cumulate components in them. 
Accordingly, composition more silicic than 
sam pie 0202.1 may represent a more true initial 
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liquid composition. 
Selecting an appropriate, more silicic, initial 

liquid composition is somewhat arbitrary but as 
the bulk of the exposed parts of the Suomennie­
mi batholith consists of biotite granite (Appen­
dix 4) this should probably constitute a major 
component in such a composition. Because most 
of the biotite-hornblende granites are also rela­
tively low in silica, only the biotite granites were 
used to estimate an initial magma composition. 
Rejecting biotite granite L871.1 that is low in 
SiOz and four granites (M114.2, 0155.1, 
0209.2, and 0242.1) showing high SiOz (see 
Appendix I) results in an average composition 
with 73 .38 wtOJo SiOz (normalized to 100% vola­
tile free). Using this as the initial liquid and sam­
pie M664.1 b for the evolved liquid results in a 
best-fit assemblage of 24.6% alkali feldspar , 
5.7% quartz, 4.5% clinopyroxene, 0.8% oxide, 
0.7% fayalite, 0.1 % apatite, and 63.6% residu­
al liquid with I,Rz < 0.24. This is shown in 
Table 10 as model C. Model C differs from 
model A mainly in showing a lower predicted 
Na/ K ratio, and in having quartz but no 
plagioclase in the fractionating assemblage. The 
modeling was performed also using hydrous 
mafic minerals instead of clinopyroxene and 
fayalite and this yielded a best-fit of 24% alkali 
feldspar, 8.5% quartz, 6.3% h0rnblende, 0.5% 
biotite, 0.4% apatite, 0.3% oxide, and 60% 
residual liquid with I,Rz < 0.36 . This is shown 
in Table 10 as model D. 

Applying the constraints of the two latter 
major element models to trace element model­
ing results in almost identical evolutionary paths 
of which those of model C are shown in Figs . 39c 
and d. Model C is preferred as it yields a better 
major element fit and because the calculated as­
semblage is more in concert with petrographic ob­
servations . In the Sr vs. Ba plot (Fig. 39c) the 
composition of the residual liquid at F = 0.64 is 
154 ppm Ba and 29 ppm Sr, which is close to the 
assumed evolved liquid composition, although Sr 
is somewhat high er in the modeled liquid. In the 
Ba vs. Rb plot (Fig. 39d) the modeled liquid 
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reproduces the trend from the biotite granites to 
the least fractionated topaz-bearing granites, but 
is unable to account for the very high Rb con­
tents of the most fractionated topaz-bearing 
granites (at F = 0.60 Rb = 496 ppm). The high Rb 
contents of these granites may have been caused 
by post-magmatic autometasomatic processes, 
which have been suggested as not uncommon in 
the late topaz-bearing granites of the Finnish 
rapakivi granite batholiths (cf. Haapala, 1977a). 
Such secondary processes mayaiso have been 
responsible for the very low Sr abundances in 
these granites (Fig. 39c). As regards minor 
phases, fractionating 0.11 % zircon and 0.16% 
allanite from the model C initial liquid 
reproduces the low Zr (68 ppm) and Ce (85 ppm) 
contents in the sampie M664.1 b used for the 
assumed evolved liquid composition. 

In Fig. 39d the low-silica granites (hornblende 
granites and biotite-hornblende granites) plot be­
tween the evolutionary curves for residual liquid 
and cumulate. This is consistent with the hypoth­
esis that these granites are cumulus-enriched 
rocks with variable degrees of precipitated crys­
tals and trapped liquid. In Fig. 39c the horn­
blende granites and biotite-hornblende granites 
are somewhat offset from the cumulate evolution 
curve, but nevertheless identify themselves as cu­
mulates. Due to the approximate nature of the 
modeling it is impossible to define the propor­
tions of cumulate material and trapped liquid in 
the low-silica granites. 

The hypothetical parental magma of the main 
granite sequence of the Suomenniemi batholith 
has 322 ppm Ce and 8.4 ppm Yb. As far as the 
LREE are concerned, this is between what is 
measured for the probably cumulate-enriched 
sampie A1043 and far the biotite granite A1041 
that shows the highest contents of the REE (Table 
I, Appendix I). The Ce content in the hypothet­
ical parent magma is 0.77 times that in sampie 
AI041 . Using this difference also for the other 
REE and Nd and Sm contents measured for the 
biotite-hornblende granite sampie AI040 yields 
a hypothetical REE pattern with La/Yb ratio of 
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11.8 (Fig. 40). Using the fractional crystallization 
model C major mineral assemblage (Table 10) 
with 0.17070 allanite and 0.13% z,ircon results in 
a pattern that matches with the La and Ce 
measured for one of the most fractionated topaz­
bearing granites (sampie A1097, Table 1) but is 
far from being consistent with the middle and 
heavy REE contents observed. Although being 
only approximate, this model is consistent with 
earlier suggestions (e.g., Nurmi & Haapala, 1986) 
that the characteristic deep Eu minimum and 
HREE enrichment in the late-stage topaz-bear­
ing granites cannot be the result of fractional 
crystallization alone. Processes such as postmag-

matic albitization (deep negative Eu anomaly) 
and greater relative stability of HREE alkali-fluo­
ride complexes in the residual F-rich magmas 
(higher HREE) have been proposed as respon­
sible for these anomalous features (Nurmi & 
Haapala, 1986). 

In conclusion, the fractional crystallization 
models indicate that the magma evolution of the 
main granite sequence (hornblende granite -
biotite-hornblende granite - biotite granites -
topaz-bearing granite) of the Suomenniemi 
batholith may have involved a felsic parental 
magma (73.4 wt% Si02, calculated volatile free) 
precipitating alkali feldspar , quartz, mafic sili-

Fractional crystallization of the granites of 
the Suomenniemi batholith 
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cates, and Fe-Ti-oxide in the ratio 68/ 15/ 15/2, 
totalling about 35070 of the original mass of the 
magma, as wen as minor amounts of apatite, zir­
con, and a LREE-phase. In this model, the horn­
blende granites and the biotite-hornblende 
granites are cumulus-enriched and the biotite 
granites and the topaz-bearing granites represent 
liquids. Because the major fractionating mineral 
is alkali feldspar , the resulting cumulate-bearing 
rocks should be relative enriched in it. This is 
consistent with the modal composition of the 
granites: the alkali feldspar / plagioclase ratio is 
highest in the hornblende granites and declines 
in the differentiation sequence toward the 
topaz-bearing granites (Fig. 2). As the geo­
logical map (Appendix 4) shows, those granites 
identified as cumulates are found in the southern 
and southeastern parts of the Suomenniemi 
batholith, while the late-stage topaz-bearing 
granites are located exclusively in the north­
ern and northwestern parts. If, as is suggested 
by Vorma (1972) and Vaasjoki et al. (1991), the 
Suomenniemi batholith predates the Wiborg 
batholith, this could mean that the intrusion of 
the latter tilted the Suomenniemi batholith to the 
north-northwest, and thus the present-day ero­
sional section is deeper in the southern and south­
eastern parts of the batholith. 

Isotopic implications 

The initial Nd isotopic compositions of the 
granites of the Suomenniemi batholith do not 
correlate with the chemical composition of the 
sam pies, except for the most fractionated topaz­
bearing granite A1097 that has a somewhat lower 
ENd(T) value than the bulk of the granites (Table 
3, Fig. 32) . The more negative ENd value is con­
sistent with assimilation of unradiogenic upper 
crustal material during the evolution of the 
batholith . As regards the Salmi batholith, the 
different (in this case more positive) ENd value of 
the topaz-bearing granite 6896 compared with the 
more negative ENd value of the less fractionated 
biotite granite 9202 could also be explained by 
high-level contamination by Proterozoic crustal 
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material that in this case is more radiogenic than 
the parental magma from the lower crust. This 
would, however, require a more radiogenic 
source for the magma of the Sotjärvi batholith, 
and imply that the two Soviet Karelian batholiths 
were derived from sources with distinct Nd 
isotopic compositions. 

Because an but one of the granites of the 
Suomenniemi batholith show a random ENd-
compositional distribution, combined assimila­
tion-fractional crystallization modeling was not 
applied to them. The average ENiT) value of the 
non-topaz-bearing granites is considered as in­
dicative of the average Nd isotopic composition 
of the source of the magma from which the 
granites of the Suomenniemi batholith were crys­
tallized, and, provided that the source was 
crustal, also of the isotopic composition of the 
lower continental crust in that area. 

In contrast to the Nd data, the Pb isotopic 
compositions of the various granite types show 
isotopic-compositional correlations. In Fig. 41 
the Pb isotopic data on the hornblende granites, 
biotite-hornblende granites and biotite granites, 
and topaz-bearing granites are shown along with 
the data on the hornblende-clinopyroxene-faya­
lite granites. In the 207Pbj204Pb vs. 206Pbj204Pb 
diagram (Fig. 41a), the hornblende granites and 
the hornblende-clinopyroxene-fayalite granites 
show the highest relative 207Pb/ 206Pb ratios (the 
average ~2 values for the Pb in the alkali feld­
spars are 9.85 and 9.91, respectively), the topaz­
bearing granites have the lowest ratios (average 
~2 value 9.57), and the biotite-hornblende 
granites and the biotite granites are intermediate 
between these two extremes (~2 averages 9.74). 
Moreover, the data on the non-topaz-bearing 
granites define linear trends yielding rough age 
estimates that are consistent with U-Pb zircon de­
terminations, but the linear trend of the topaz­
bearing granites has an age (1250 ± 58 Ma) that 
cannot be matched with the actual crystallization 
age of the batholith. A comparable difference be­
tween the rock types is established also in the 
208Pbj206Pb vs. 206Pb j204Pb diagram (Fig. 41 b) in 



86 Geological Survey of Finland , Bulletin 355 

[.. 

.D 
Cl. g 
C'II 

39 

~ 38 
Cl. 
co o 
C'II 

.D 
11. 
o:r 
o 
C'II ........ 
.D 
11. ,... 
o 
C'II 

37 

15.7 

15.6 

15.5 

/ 

17 

18 19 b) 

00 

Whole rock & alkalifeldspar sampIes: 

• Homblende-clil(ol'yroxene:fayalire granire 

• Homblelufe grallire 

D Biorire·homble,ufe gre/n ire & biorire gre/llire 

o T0I'0z·bewll1g gmllire 

18 19 a) 

Fig. 41 . Pb isotopic composition (Tables 5 and 6) of the granites of the Suomenniemi batholith plotted 
in (a) 207Pb/204Pb vs. 206Pbf204Pb and (b) 2osPbj206Pb vs . 206Pb/ 204Pb diagrams . Individual errorchrons 
are shown for the hornblende-clinopyroxene-fayalite granites (1780 ± 333Ma, Th/ U = 5.69), hornblende 
granites (1552 ± 273Ma, Th/ U = 5.02), biotite-hornblende granites and biotite granites (1619 ± 133Ma, 
Th/ U = 6.74), and topaz-bearing granites (1250 ± 58Ma, Th/ U = 2.78). Thick curves denote evolution 
of average crustal Pb (Stac1!y & Kramers, 1975). 



which the data on the topaz-bearing granites have 
a considerably lower calculated Th/ U ratio. 

The declining alkali feldspar 207Pb/ 206Pb 
ratios in the sequence hornblende granite -
biotite-hornblende granite - biotite granite -
topaz-bearing granite can not be explained by 
closed-system fractional crystaIlization but re­
quire incorporation of extra Pb with a lower 
207Pb j206Pb ratio than that in the initial magma. 
In terms of the fractional crystaIlization model 
C (Table 10) this implies that the cumulus­
enriched granites may have initial 207Pb/ 206Pb 
ratios close to those of the initial magma and that 
the more felsic granites (especially the topaz-bear­
ing ones) have ratios affected by extra Pb incor­
porated into the evolving magma, reflecting the 
earlier separation of the cumulus-enriched 
granites from the melt. 

The unexpectedly young age, 1250 ± 58 Ma, of 
the topaz-bearing granite whole-rock-alkali 
feldspar linear trend suggests that these granites 
have not remained as closed systems after crys­
tallization, and is indicative of post-crystaIliza­
tion U-gain. Linear trends with abnormally 
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young ages and variable alkali felds par 
207Pb/ 206Pb ratios have been measured also for 
the fractionated topaz-bearing granites of the Eu­
rajoki complex (Vaasjoki, 1977). According to 
Vaasjoki (1977), the extremely variable alkali 
feldspar Pb isotopic ratios were probably caused 
by differentiation processes. It is interesting to 
note that the sampies from the topaz-bearing 
granites in the Kymi stock do not show such low 
relative 207Pb/ 206Pb ratios (the 112 value for the 
one analysed alkali feldspar fraction is 9.85, 
Table 6) and also give a reasonable estimate of 
age of the stock (the alkali feldspar - wh oIe rock 
pair of sampie lIIH/ 89 yields an age of 1579 
Ma) . Hence, compared with the data on the 
granites of the Suomenniemi batholith, the Kymi 
stock may consist of granites less affected by 
open-system processes. The sampIes from the 
Kymi stock have, however, a very low calculated 
Th/ U ratio of 1.61. This suggests that the rela­
tive Th/ U ratio in the topaz-bearing granites 
might also be a primary feature inherited, pos­
sibly at least in the case of the Kymi stock, from 
the protolith. 

Quartz-feldspar porphyry dykes and alkali-felds par syenites 

Compared with the granites of the Suomennie­
mi batholith, the quartz-feldspar porphyry dykes 
have somewhat less pronounced, but yet other­
wise grossly similar compositional trends in the 
silica variation diagrams (Figs. 37 and 38). Like 
the granites, they also show considerable ranges 
in Ba and Sr abundances indicative of felds par 
fractionation; these ranges are large enough to 
render variable degrees of partial melting incap­
able to account for the variations. The dykes also 
show a considerable range in Si02 content (from 
ca. 68 to 75 wt%) and exhibit evidence for frac­
tionation of mafic silicates (Figs . 38a, c, and k), 
Fe-Ti-oxide (Figs . 38b and d), apatite (Fig. 38e), 
and zircon (Fig. 38j) . 

Besides being lower in silica, the alkali-feldspar 
syenites differ markedly from the silicic rocks in 
showing no enrichment in Fand Rb with increas-

ing Si02 (Figs. 38f and i). Feldspar fractionation 
has possibly controlled the evolution of the 
syenitic magma, as the Ba vs. Si02 and Sr vs. 
Si02 diagrams (Figs . 38g and h) exhibit clear 
declining trends along with increasing Si02. The 
feldspar was probably relatively low in potassium 
because there is no marked change in the K/ Rb 
ratio (Fig. 381). This is consistent with the hyper­
solvus character of the alkali-feldspar syenites . 
Other possible fractionating phases comprise Fe­
Ti -oxide (Figs. 38b and d), titanite (Figs. 38a and 
d), and apatite (Fig. 38e). Because the data on 
the quartz-feldspar porphyry dykes and the alka­
li-feldspar syenites are relatively few, no attempt 
of quantitative modeling was made . The origin 
of these rocks will, however, be briefly discussed 
in the chapter that folIows. 
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PROTOLITH OF THE FINNISH RAP AKIVI GRANITES 

The basic quest ion regarding the origin of the 
rapakivi granites is whether they were ultimately 
derived from the mantle and represent the end 
product of a complex series of evolutionary 
events (partial melting in the mantle, fractiona­
tion of the mantle-derived melts, incorporation 
of and reaction with crustal materials etc.; cf. 
Barker et a1. , 1975) or whether they are anatec­
tic melts extracted exclusively from the continen­
tal crust (cf. Vorrna, 1976; Anderson & Cullers, 
1978). The mantle and continental crust have, in 
general, different Nd and Pb isotopic composi-

tions (DePaolo, 1981a; Doe & Zartman, 1979) 
and hence isotopic data on these elements are 
useful in assessing the origin of a particular 
igneous rock supposedly derived from either 
source. Independent Nd and Pb isotopic evidence 
regarding the origin of the Finnish rapakivi 
granites are discussed below, and, together with 
the general geochemical data, they are used to 
construct batch melting models to define a pos­
sible protolith composition for the Suomennie­
mi batholith. 

Nd isotopic evidence 

Recent isotopic studies (patchett et a1. , 1981; 
Huhma, 1986; Patchett & Kouvo, 1986; Patchett 
et a1., 1987; Hanski et a1., 1990; Huhma et a1. , 
1990; Rämö, 1990) indicate that.a time-integrated 
LREE-depleted mantle existed beneath the Fen­
noscandian shield during the Proterozoic. As far 
as the Sm-Nd isotopic system is concerned, the 
degree of depletion roughly c:onforms to the 
depleted mantle evolution sugg(:sted by DePaolo 
(1981a). Evidence for heterogeneity in the Fen­
noscandian mantle is, however, provided by some 
primitive mantle-derived rocks that show ENiT) 
values that are higher ( + 4.2 a1: 2090 Ma; Huh­
ma, 1986; Huhma et a1. , 1990) and lower (+ 1.6 
at 1990 Ma; Hanski et a1. , 1990) than those 
in the penecontemporaneous model depleted 
mantle. 

The juvenile 1.9 Ga Svecofennian crust host­
ing the Finnish rapakivi granites shows a 
restricted range of ENiT) values lying between 
the evolution of the depleted mantle and CHUR, 
and is considered to have formed largely of 
material newly derived from the depleted mantle 
(Huhma, 1986; Patchett & Kouvo, 1986). This 
is reflected in the T DM model ages of sampies 
from the Svecofennian crust: the average T DM 

model age of the data of H'llhma (1986) and 
Patchett and Kouvo (1986) is 2.12 ± 0.14 (1 S.D.) 
Ga. It should be noted that this figure does not 

indicate the time of differentiation of the juve­
nile crust from the mantle, but results from ad­
dition of a minor amount (ca. 100/0, Patchett & 
Kouvo, 1986; Huhma, 1986) of Archean material 
to the mantle component. 

The Finnish rapakivi granites show a narrow 
range of ENiT) values and have, excluding the 
topaz-bearing granites that have Sm/ Nd ratios 
affected by crystal fractionation, a very well-de­
fined average T DM model age of 2.06 ± 0.03 (1 
S.D.) Ga. This is almost equal to the average 
T DM model age of the Svecofennian crust. In the 
light of these isotopic data, the rapakivi granites 
could have originated (1) by mixing of material 
from depleted mantle and Archean crust in the 
same proportion in which these components were 
mixed during the formation of the Svecofennian 
crust (cf. Patchett & Arndt, 1986), (2) by mixing 
of depleted mantle material and the Svecofenni­
an crust, (3) by partial melting of the Svecofen­
nian crust in a process that did not result in any 
significant fractionation of the Sm/ Nd ratio, or 
(4) allowing a change in the Sm/ Nd ratio, by par­
tial melting of Svecofennian material with 
ENiT) values lower than the average ENd value of 
the Svecofennian crust (cf. Nelson & DePaolo, 
1985). These different possibilities are schemati­
cally presented in Fig. 42. The first (Fig. 42a) 
is considered improbable due to the very narrow 
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range of the ENiT) values of the rapakivi 
granites. Mixing of such extreme components 
(depleted mantle and average Archean crust 
differ from each other by about 20 ENd units at 
1.6 Ga) would have resulted in substantial scat­
ter of ENd values of the rapakivi granites, as 
denoted by the hypothetical dashed space in Fig. 

42a. The second alternative may be more feasible 
than the first, but again would probably have 
resulted in a larger range of ENd values than that 
observed (dashed space in Fig. 42b). The third 
and fourth alternatives (Figs. 42c and d) involv­
ing only crustal reworking are considered the 
most plausible. 

Pb isotopic evidence 

Like initial Nd isotopic composition, initial Pb 
isotopic ratios are commonly used to constrain 
the origin of igneous rocks. A conventional 
procedure for determining the initial Pb isotopic 
ratios of granitic rocks is to analyse alkali feld­
spar fractions extracted from them. Because the 
V/ Pb and Th/ Pb ratios in alkali feldspar are very 
low, it contains only a marginal amount of extra 
radiogenic Pb formed in the rock subsequent to 
crystallization, and thus preservtes arecord of the 
Pb isotopic composition of the magma from 
which is crystallized (cf. Faun:, 1986). This in 
turn facilitates inferences to e made on the 
ultimate origin of the magma. It is also common 
practice to calculate model age:s for alkali feld­
spars, that, if the evolution of the Pb in the par­
ticular feld par followed the evolution model 
used, can be considered as the crystallization age 
of the rock. Complications rendering the alkali 
feldspar common Pb method somewhat suspect 
may result from a multi-stage history of the Pb, 
from introduction of extra Pb with different iso­
topic composition into the system, or from meta­
morphic open-system processies subsequent to 
crystallization (cf. Faure, 1986). 

The alkali feldspar analyse:; of the rapakivi 
granites and alkali-feldspar syenites listed in 
Table 6 are plotted in 207Pbp 04Pb vs . 206Pb/ 
204Pb diagram in Fig. 43. Also shown in Fig. 43 
is the growth curve of the SVtecofennian crust , 
constructed on the basis of galena Pb isotopic 
data from the central Finnish batholith area and 
Svecofennian supracrustal rocks (Vaasjoki , 
1981), as weIl as six Stacey and Kramers (1975) 
model isochrons . As can be seen from Fig. 43, 

the Pb isotopic composition of alkali feldspars 
from the Finnish granites (topaz-bearing granites 
A1097 and M664.2 excluded) fall precisely on the 
growth curve of the Svecofennian crust. The 
average J.12 value for the alkali feldspars of the 
non-topaz-bearing rapakivi granites is 9.83 ± 0.08 
(1 S.D.), while the average for the Svecofennian 
crust is 9.81 ±0.22 (1 S.D.). This indicates that 
the Pb in the rapakivi granites originated from 
an environment that had the same overall V/ Pb 
ratio as the Svecofennian crust. This in turn is 
consistent with the hypo thesis that the rapakivi 
granites derive from the 1.9 Ga crust. It should 
also be noted that, in Fig. 43, the alkali feldspars 
plot in an area which is almost equal to the com­
positional range measured for galenas associated 
with the Finnish rapakivi granites (Vaasjoki, 
1981). 

Some of the Stacey and Kramers (1975) model 
ages of the rapakivi granite alkali feldspars (Table 
6) are almost 200 Ma younger than the actual 
crystallization ag es of the granites, which, pro­
vided that Pb in these rocks followed a two-stage 
evolution, could result from minor amounts of 
radiogenic Pb (the exact amount of radiogenic 
Pb in the alkali felds pars is not known because 
they were not analysed for their V and Th abun­
dances) . As noted earlier, the topaz-bearing 
granites of the Suomenniemi batholith have prob­
ably acquired some extra Pb during the magma 
evolution in the batholith : they fall below the 
data for the other granites in Fig. 43 . It should 
also be noted that the alkali feldspar fraction 
from the Siipyy pluton has a model age equal to 
the V-Pb zircon age of the pluton, suggesting that 
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the Pb in this sam pIe could conform to the two­
stage model of Stacey and Kramers (1975). This 
might result from the fact that the Siipyy pluton 
is a small intrusion (cf. Idman, 1989) and crystal­
lized more rapidly than the large rapakivi granite 

batholiths that have alkali feldspars with youn­
ger model ages, and hence was not exposed to 
prolonged fractionation processes that could 
have introduced extra upper crustal Pb into the 
magma. 

Partial melting modeling: the main granite sequence of the Suomenniemi batholith 

The Nd and Pb isotopic data are strongly in 
favor of a crustal origin for the rapakivi granites . 
Using the major and trace element data on the 
main granite sequence (hornblende granite -
biotite-hornblende granite - biotite granites -
topaz-bearing granite) of the Suomenniemi 

batholith it is possible to gain some indication 
of the depth of magma generation, protolith 
composition, and also of the amount of fractio­
nation of the Sm/ Nd ratio during the anatexis 
of the Svecofennian crust. 
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Depth of magma generation 

In Fig. 44, the compositions of the granites of 
the Suomenniemi batholith are plotted in the nor­
mative Ab-Or-Qz diagram and compared with 
experimental work in the Qz-Or-Ab-H20 and 
Qz-Or-Ab-An-HzÜ systems. The topaz-bearing 
granites plot rather elose to the experimentally 
determined minimum melt compositions in the 
system Qz-Or-Ab-H20 at 0.5 to 1 kb total water 
press ure (Fig. 44a), but also show a slight over­
all shift toward lower relative Qz contents, a fea­
ture in part probably resulting from the increased 
F content in the residual magmas. This feature 
is more pronounced in the topaz-bearing granites 
of the Eurajoki complex and the Kymi stock 
(Haapala, 1977a; Haapala & Rämö, 1990). 

When the anorthite component is taken into 
account in melting experiments in the granite sys­
tem, the minimum melt composition is observed 
to move, with decreasing Abi An ratio, along the 
quaternary univariant line toward the An­
Or-Qz-plane of the Qz-Or-Ab-An( + HzÜ) tetra­
hedron (James & Hamilton, 1969; von Platen & 
Höller, 1966). The effect of protolith anorthite 
component on the composition of the resulting 
minimum melts has been compiled in the form 
of a grid projected on the Ab-Or-Qz diagram by 
Anderson and Cullers (1978), and is reproduced 
in Figs. 44b and c. As noted by Anderson and 
Cullers (1978), this pressure - Abi An ratio grid 
is in principle applicable only for H 20-saturated 
melting. However, the displacement of minimum 
melt compositions caused by H20-undersaturated 
melting is possibly along the isobaric surfaces in 
Figs . 44b and c (cf. Luth, 1969) and hence 
qualitative pressure estimates based on the H20-
saturated melting experiments may apply to 
H 20-undersaturated melting (Anderson & Cul­
lers, 1978). 

As can be seen from Fig. 44b, the normative 
compositions of the granites of the Suomennie­
mi batholith correspond to a range of pressures 
from > 10 kb to < 3 kb and an Abi An ratio from 
< 1 to about 3. Moreover, the corresponding 
overall pressure estimate decreases from the 
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hornblende granites through the biotite-horn­
blende granites to the biotite granites. Qualita­
tively, this could mean that the hornblende 
granites represent primitive melts from a deep 
crustal source with the high-press ure melt gener­
ation signature preserved (10 kb equals 36 km), 
and that the shift toward lower apparent pres­
sure in the sequence hornblende granite - bio­
tite-hornblende granite - biotite granites indi­
cates progressive adjustment of the evolving mag­
ma to near-surface conditions. However, because 
the low-silica hornblende granites, as suggested 
by the fractional crystallization modeling, 
presumably are mixtures of cumulate crystals and 
trapped liquid, they may yield invalid pressure 
estimates in Fig. 44b. 

The bulk of the granite data in Fig. 44b plot 
between the 7 and 10 kb contours indicating an 
overall magma generation depth of 25 to 36 km. 
This is elose to the pressure estimate of magma 
generation for the Proterozoic Wolf River 
batholith in north-central U.S.A. (Anderson & 
Cullers, 1978). As the present total thickness of 
the Svecofennian crust under the Wiborg and 
Suomenniemi batholiths is estimated at about 40 
km (Korja & Elo, 1990; see also Luosto, 1990) 
and as the rapakivi granites were obviously em­
placed at shallow levels in the crust (:5 3 km; cf. 
Vorrna, 1976), this press ure estimate corresponds 
to the lower and middle crust. The normative 
composition of the hornblende-elinopyroxene­
fayalite granites show considerable scatter but 
nevertheless falls in the high-pressure area in Fig. 
44c. Hence this discrete group of rocks could 
represent another melting event in the lowerl 
middle crust. 

It should be noted that normative composi­
tions of dark rapakivi granites (tirilites) and 
wiborgites from the Wiborg batholith and a 
biotite-hornblende granite from the Eurajoki 
complex have been interpreted in accordance with 
the 1 kb system of James and Hamilton (1969) 
as lying within the plagioelase field and reflect­
ing relatively early crystallization of plagioelase 
in these rocks (Vorrna, 1971; Haapala, 1977a). 
The compositions of these granites plot in 
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approximately the same area as the compositions 
of the granites of the Suomenni~:mi batholith in 
Fig. 44 (see Fig. 23 in Vorma, 1971, and Fig. 100 
in Haapala, 1977a), and hence also probably 
reflect the pressures at which the, melts for these 
granites were generated in the lower parts of the 
crust. This scheme also applies to most of the 
rapakivi-age granite porphyry dykes west of the 
Wiborg batholith (see Fig. 20 in Törnroos, 1984). 

Assessment of a possible protolith composition 

Trace element modeling of partial melting 
processes in order to find suitable candidates for 
the source composition of an igneous suite in­
volves several assumptions whilch render any 
derived model at best a probable solution but 
never a unique one. In modeling the protolith of 
the Finnish rapakivi granites the set of assump­
tions inciude, in addition to thm,e made regard­
ing the actual melting model and the crystal/ 
liquid partition coefficients, (1) the mineralogy 
of the source, (2) the mineral a.ssemblage that 
enters into the melt, and (3) the relative amount 
of partial melting. 

Because the rapakivi granites are largely res ti te­
free, there is little direct evidence for possible 
source rock compositions. One way to get around 
this problem is to use model compositions sug­
gested for common rock types of the continen­
tal crust and see whether they can yield the 
assumed parental magma cornposition with 
reasonable melt modes and degrees of partial 
melting. The concept of rheologic:ally critical melt 
percentage (RCMP) has been developed to 
distinguish anatectic systems that may yield 
restite-free mobile magmas from those that be­
have as migmatites (cf. Clemens & Vielzeuf, 
1987, and references therein). U.sually RCMP is 
considered to be of the order of 20 to 35 volOJo 
melt, but it is strongly dependent on the rock type 
undergoing partial melting and rnay even be less 
than 15 vol% (Clemens & Vielzeuf, 1987). Im­
portant factors controlling crustal anatexis are 
the type and amount of hydrous silicates in the 

rocks that undergo melting. For example, if tem­
perature in a water-deficient system rises high 
enough, breakdown of any biotite or hornblende 
may result in relative amounts of melt exceeding 
the appropriate RCMP (Clemens & Vielzeuf, 
1987). As far as magma generation for large gra­
nitic bodies is concerned, a melt fraction of 30 
to 50 070 may be needed to facilitate convective 
motion in anatectic regions that eventually results 
in segregation of large homogeneous, high crys­
tal fraction magma bodies (Wickham, 1987). 
Substantially lower melt percentages « 10%) 
have been, however, proposed for some volu­
minously minor A-type granite magmas (cf. 
Christiansen et al. , 1988). In summary, feasible 
melt percentages in crustal anatexis may range 
from < 15 to > 50070 . 

The fractional crystallization model for the 
evolution of the granites of the Suomenniemi 
batholith yields an estimate of a possible initial 
composition of the rapakivi granite magma. This 
model composition (Table 10) can be used in 
search of possible protolith compositions for the 
batholith. Because partial melting modeling is 
based on a considerable amount of assumptions, 
the relevance cf it he re is to differentiate between 
sources that yield feasible melt compositions 
from those that do not. 

The initial magma composition proposed by 
the fractional crystallization modeling suggests 
a prominent biotite control on the partial melt­
ing process. The Rb/ Sr and Ba/ Sr ratios in this 
model composition are very high, 5.7 and 10.4, 
respectively, and indicate that the relative con­
tribution of biotite to the melt was larger than 
that of feldspars (high Rb and Ba vs. low Sr). 
This would be consistent with partial melting 
caused by fluid-absent breakdown of biotite in 
response to a substantial amount of extra heat 
introduced into the lower parts of the continen­
tal crust (cf. Clemens et al., 1986). The role sug­
gested for feldspars in the partial melting proc­
ess is also consistent with the prominent nega­
tive Eu anomaly in the assumed initial magma 
composition (Fig. 40). 

In order to get a rough idea of the nature of 



Table 11. Souree rock eampo, itions u<;ed in th e hateh melting mode ling of the granite; of the Suom~nni~mi bathol ith . 

Ave rage lowe r eru st Tonalite Granodiorit e Granite Granulit e Garnet-bearing granulit e 

Min era l Souree' Meh f Sourech Melt f Sauree ' Melt f Souree d Melt f Soureee Meh f Soureee Mclt f 

Mode Mode Mode Mode Mode Mode Mode Mode Mode Mode Mode Mode 

H ornbl ende 0.05 0.06 0.09 0. 11 0.045 0.06 

Bio tit e 0 .1 0.13 0. 125 0.16 0.108 0. 13 0.045 0.06 0.16 0.2 0.16 0.2 
Plagioclase 0.29 0.32 0.59 0.22 0.402 0.2 0.315 0.2 0.53 0.31 0.53 0.31 
Alkali feld spar 0.007 0.02 0.045 0.16 0.199 0.25 0.29 0.34 

Clinopyroxene 0.05 0.03 

Orthopyroxene 0.29 0. 16 0.058 0.039 0.016 0.004 
Ouartz 0.17 0.24 0. 13 0.34 0.246 0.36 0.348 0.4 0.25 0.45 0.25 0.45 

Oxide 0.04 0.03 0.02 0.01 0.002 0.001 0.002 0.001 
Zircon 00001 0.0005 0.0001 0.0005 0.0002 0.001 0.0003 0.0015 0.0002 0.001 0.0002 0.001 
Apati te 0.0005 0.001 0.0005 0.00 1 0.0005 0.00 1 0.0005 0.001 0.0005 0.001 0.0005 0.001 

All an it e 0.000 1 0.0005 0.000 1 0 .0005 0.0002 0.00 1 0.0003 0.00 15 0.0002 0.001 0.0002 O.OOt 

Garnet 0.042 0.035 

Trace elem ent abundanees ( in ppm) : 

Rb 53 130 170 209 58 as In 

Sr 230 620 372 123 285 granulit e 

Ba 150 1450 938 426 483 

Zr 70 150 19 t 232 241 

La 11 26 36 45.9 31 

Ce 23 57 74 91 72 

Nd 12.7 30 37 44 36 

Sm 3.17 5.17 6.41 7.65 9.75 

Eu 1.17 1.76 1.75 1.73 4.13 

Tb 0.59 0.92 0.97 1.01 1.18 

Yb 2.2 2.8 3.22 3.63 3.73 

Lu 0.29 0.39 0.65 0.9 0.9 

g 
(La/Yb)N 3.37 6.26 7.54 8.52 5.60 

• Source mode as the molecular normative composition of the average lower crust of Taylor and McLennan (1985), trace element abundanees from Taylor and McLennan (1985, Table 4.4). 

b Source mode from Wyllie (1977, Table I), trace element abundances as mean values from Cullers et al. (1981, Table A3) except Zr and Nd that were estimated on the basis of the otber 

element abundances. 

C Source mode from Wyllie (1977, Table I) , trace element abundances intermediate between tonalite and granite. 

d Source mode from Wyllie (1977, Table I), trace element abundances are the average of collision granite and within plate granite compositions represented by Pearce et aI . (1984, Table 2). 

C Source mode modified from Meriläinen (1976, Table 18), trace element abundances are mean values reported for post-Archean granulite facies terrains by Rudnic and Presper (1990, Table 1I). 

f Melt modes listed are those used to derive the models shown in Figs. 45 and 46. 

g Chondrite-normalized ratios. 
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Fig. 45 . Batch melting models of (a) av(:rage lower crust composition, (b) tonalite, (c) granodiorite, (d) granite, (e) granu­
lite, and (f) garnet-bearing granulite witln zircon, allanite, and apatite in the residue, normalized against the assumed initial 
magma composition of the Suomennierni batholith (cf. Table 10) . Dotted, dashed, and solid lines indicate melt composi­
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the protolith of the granites of the Suomennie­
mi batholith, batch melting trace element model­
ing was performed on several common crustal 
rock compositions that were considered to be 

possible as sources for these granites, inc1uding 
a global average lower crust composition, tona­
lite, granodiorite, granite, granulite, and garnet­
bearing granulite. Elements used for modeling 
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Fig . 46. Batch melting models of (a) average lower crust composition, (b) tonalite, (c) granodiorite, (d) granite, (e) granu­
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initial magma composition of the Suomenniemi batholith (cL Table 10). Dotted, dashed, and solid lines indicate melt 
compositions at the denoted percentages of melting. Patterns with closed circles are as in Fig. 45 . Source and melt mo des 
are listed in Table 11 . 

were Rb, Sr, Ba, Zr, and the REE, and the source 
modes and trace element abundances applied 
were those listed in Table 11. The degree of melt­
ing was varied between 5 and 50070 and melt 

4 

modes (Table 11) were estimated by allocating a 
dominant role for quartz, alkali feldspar , and the 
sodic component of plagioclase in the melting 
process (cL Wyllie, 1977). Crystal/liquid parti-
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tion coefficients used in the calculations were 
those listed in Appendix 3. The results of the 
batch melting calculations, normalized against 
the assumed initial magma composition of the 
Suomenniemi batholith, are shown in Figs. 45 
and 46. 

The batch melting calculations were done both 
with (Fig. 45) and without (Fig. 46) zircon, al­
lanite, and apatite in the residue. In the former 
case, in order to satisfy the the high Zr and LREE 
contents of the assumed initiall rapakivi granite 
magma, zircon and allanite are required to enter 
the melt with a melt mode/source mode ratio of 
approximately 5: I. This high ratio restricts the 
relative amount of partial melting in this model 
to 520070. With no zircon, allanite, and apatite 
in the residue larger melt percentages are possible. 

It is evident from Figs. 45a and 46a that the 
average mafic (54% Si02) lower crust composi­
tion is improbable as the source for the rapakivi 
granite magma. There is far too little biotite (i.e., 
Rb) in the modeled melts, and also the total REE 
content in the source is too low. The tonalite also 
appears to be unlikely as the ralPakivi granite pro­
tolith (Figs. 45b and 46b). The biotite component 
in the melt is again too low, feldspar components 
(Sr, Ba) too high, and the REE abundances in 
the source too low. 

The batch melting modeling also renders the 
average granite improbable as a source for the 
rapakivi granite magma. It can be seen from Figs. 
45d and 46d that there is clearly too much feld­
spar left in the residue in the partial melting 
processes (Sr and Ba are too low in the model 
melts) and that the HREE/LREE ratios in the 
calculated melts are too high. In granulites (Figs. 
45e and f, 46e and f), the fddspar-controlled 
components Sr and Ba are reproduced weil but 
the biotite component in the melts is clearly too 
low. Moreover, the REE pattern of the granu­
lites is much too depleted in the LREE to yield 
an acceptable melt composition . Garnet in the 
source (Figs. 45f and 46f) rende:rs the HREE con­
tents in the model melts too low to be consistent 
with the assumed initial magma composition. 

As is evident from Figs. 45c and 46c, gra­
no diorite is a viable candidate for the protolith 
of the assumed initial magma of the Suomennie­
mi batholith. With zircon, allanite, and apatite 
in the residue (Fig. 45c), the biotite and feldspar 
components in the model melt are consistent with 
the assumed initial melt composition at F = 0.20. 
The REE patterns of the assumed initial magma 
and the model melt at F = 0.20 are roughly 
parallel with each other, although the abundances 
reached at F = 0.20 are somewhat below those in 
the assumed initial magma. With no zircon, 
allanite, and apatite in the residue (Fig. 46c), Zr 
and the REE are also best reproduced by melt­
ing to F = 0.20, which results in identical pattern 
with that in Fig. 45c because the minor compo­
nents are exhausted at F = 0.20. The models im­
ply that the source may have had higher REE 
contents than that assumed for the average 
granodiorite (cf. Table 11). A protolith compo­
sition calculated for 20% melting using the ele­
ment contents in the assumed initial magma of 
the Suomenniemi batholith is also shown in Fig. 
45c. Although showing somewhat higher REE 
abundances, the pattern of the calculated initial 
composition is similar to that used for the 
granodiorite. 

In conclusion, the batch melting modeling sug­
gests an intermediate to acid (granodioritic) 
igneous source that presumably underwent a rela­
tively restricted amount of partial melting (ca. 
20%) to produce the initial magma of the 
Suomenniemi batholith . At F = 0.20, it is impos­
sible to distinguish between the two models (Figs. 
45c and 46c), but as the melting of the protolith 
presumably started by water-absent breakdown 
of biotite at a relatively high temperature (cf. Cle­
mens et al. , 1986; Creaser & White, 1991), zir­
con could probably have been melted if it was 
present in the protolith. 

Melting of the model granodiorite to F = 0.20 
pro duces a melt with a Sm/Nd ratio that is ca. 
15% smaller than that in the original granodi­
orite source. This amount of fractionation of the 
Sm/Nd ratio of the Svecofennian crust in the par­
tial melting process would suggest a protolith 



composition in the lower part of the composi­
tional space of the Svecofennian crust (Fig. 42d). 
This is consistent with the relatively felsic nature 
proposed for the protolith by the batch melting 
modeling: the lower part of the compositional 
space of the Svecofennian crust in the ENd vs . 
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age diagram (Fig. 42) is dominated by analyses 
of intermediate and acid rocks, while those of 
basic rocks plot close to the evolution of the 
depleted mantle (cf. Huhma, 1986; Patchett & 
Kouvo, 1986). 

Insights into the origin of the minor felsic intrusive phases in the Suomenniemi complex 

Although the geochemical data on the minor 
felsic intrusive phases (hornblende-clinopyroxene­
fayalite granite, quartz-feldspar porphyry, alkali­
feldspar syenite) of Suomenniemi complex are 
few, some suggestions can be made about their 
origin. 

The hornblende-clinopyroxene-fayalite grani­
tes that intrude the main granites of the batholith 
differ in trace elements from the latter mainly in 
having lower Sr and Ba and higher Zr contents 
(Fig. 37). In the normative Ab-Or-Qz diagram 

(Fig. 44c) they show wide scatter but plot approx­
imately in the same area as the hornblende 
granites. Accordingly, if the hornblende­
clinopyroxene-fayalite granites represent a 
separate melt phase, the melting may have taken 
place at a slightly higher pressure than the melt­
ing that generated the initial magma for the 
Suomenniemi batholith. In Fig. 47, the average 
composition of the four hornblende-clinopy­
roxene-fayalite granites is normalized against: the 
assumed initial magma of the granites of the 

10,--------------------------------------------------------------, 

0.5 

Rb Sr Ba Zr 

+ Homblende-clinopyroxene-jayalite granite average 

-0- QUflrtz-jeldspar porphyry average 

.. /'::,. .. Alkali-jeldspar syenite average 

La Ce Nd Sm Eu Tb Vb Lu 
Fig. 47 . Average chemical composition of the hornblende-clinopyroxene-fayalite granites (pattern with closed triangles), 
quartz-feldspar porphyry dykes (open squares), and alkali-feldspar syenites (open triangles) of the Suomenniemi complex 
normalized against the assumed initial magma composition of the Suomenniemi batholith (cf. Table 10). 
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Suomenniemi batholith. The hornblende-elino­
pyroxene-fayalite granites have high er Sr, Ba, 
and Zr contents, lower Rb abundance, and are 
depleted in the LREE relative to the normaliz­
ing composition. The higher Sr and Ba as weB 
as lower Rb and the REE pattern could be ex­
plained by involving a more mafic protolith (cf. 
Figs. 45a and b, 46a and b). The high Zr con­
tent, however, is more in favor of a cumulate ori­
gin for these rocks, as is their normative compo­
sition (Fig 44c). 

Fayalite-bearing, relatively low-silica granites 
that are also late in the intrusion sequence of a 
granite complex have been described from cen­
tral North America (cf. Barker et al. , 1975; Bick­
ford et al. , 1981). In the St. Francois Mountains 
(Missouri) they have been interpreted as being the 
parental magma from deeper cmstal sources, em­
placed along ring fractures after formation and 
resurgent doming of a caldera (Bickford et al. , 
1981). In the Pikes Peak batholith of central 
Colorado these rocks occur as irregular smaB 
bodies (1.6 km in maximum diameter) lying scat­
tered along an arc with a rad.ius of 4 km, and 
have been interpreted as fragrnented foundered 
roots of a ring dyke (Barker et al. , 1975, p. 
114-115). The hornblende-elinopyroxene-faya­
lite granite bodies in the Suomenniemi complex 
show similarities with these North American 
lithologies, and their emplacement may have been 
related to such processes as cauldron subsidence 
and ring dyke injection which are not hard to 
envision for the Finnish high-level rapakivi 
granite batholiths (cf. Bergman, 1986). The horn­
blende-elinopyroxene-fayalite granites could 
represent cumulate liquids initiaBy trapped in the 
hotter lower parts of the Suomenniemi batholith, 
but obviously more data are needed to resolve 
the origin of these granites. 

As can be seen from Fig. 47, the average com­
position of the quartz-feldspar porphyry dykes 
is very elose to the composition of the assumed 
initial magma of the Suomenniemi batholith. 
Moreover, in the normative Ab-Or-Qz diagram 
(Fig. 44c) the less silicic quaLrtz-feldspar por­
phyries plot along the 7kb contour. These obser-

vations are consistent with a roughly similar ori­
gin for the granites and the quartz-feldspar por­
phyry dykes. 

The average composition of the alkali-feldspar 
syenites is similar to the average composition of 
the hornblende-elinopyroxene-fayalite granites in 
Fig. 47. There are, however, fundamental differ­
ences such as the low F content which is found 
to decrease with increasing Si02 (Fig. 38f), the 
opposite to what is observed for the granites and 
quartz-feldspar porphyry dykes (Figs. 37f and 
38f, respectively). In the normative Ab-Or-Qz 
diagram they plot elose to the Ab-Or side which, 
if taken directly as indicative of the pressure of 
melt-generation within a quartz-feldspathic 
source, indicates pressures on the order of 30 kb 
(cf. Huang & Wyllie, 1975) and hence weB within 
the subcontinental mantle where such lithologies 
are absent. 

The not in frequent association of peralkaline 
and subalkaline rock types within A-type granite 
complexes has been explained in a variety of 
ways. Whalen and Currie (1990) suggest that 
metaluminous magmas may form from peralka­
line magmas through fractional crystallization 
and mixing with basic magma. Harris and Mar­
riner (1980) relate the differences to different par­
tial melting conditions in the lower crust, melt­
ing in the presence of halide-rich volatiles gene­
rating the peralkaline magma and further melt­
ing under volatile conditions the subalkaline mag­
ma. CoBerson (1982) suggests that peralkaline 
magmas form from mantle-derived basic magma 
via contamination by the continental crust, and 
that the temporally associated subalkaline rocks 
are crustal melts. According to Clemens et al. 
(1986) peralkaline granite magmas might form 
from A-type low-Ca subalkaline magmas 
through early fractionation of plagioelase. This 
plagioelase effect of Bowen (1928) may be aided 
by high relative Cl content in the magma: Cl 
forms complexes with Na and hence reduces its 
activity in the melt resulting in the precipitation 
of a calcic plagioelase and consequently leading 
to a peralkaline trend for the residual liquid 
(Christiansen et al., 1983). 



As far as the alkali-feldspar syenites in the 
Suomenniemi complex are concerned, their origin 
by fractional crystallization from the subalkaline 
magma seems improbable as the differentiation 
of the granites implies a peraluminous trend for 
the residual liquid (Fig. 20d). In the light of the 
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field, age, and geochemical data it seems more 
probable that the alkali-feldspar syenites 
represent the product of a later, localised partial 
melting event that probably tapped a source rela­
tively low in F. It is possible that this was a source 
from which the granites were previously extracted. 

SOVIET KARELIAN RAPAKIVI GRANITES: A MIXED SOURCE 

The strongly negative initial ENd values of the 
Soviet Karelian batholiths suggest that old crustal 
material, separated from the mantle a long time 
before the juvenile 1.9 Ga Svecofennian crust 
formed, was involved in the genesis of these 
batholiths. This is not surprising, as the Salmi 
and Sotjärvi batholiths are located at the eastern 
edge of the Proterozoic crust immediately adja­
cent to the Archean craton of eastern Fennoscan­
dia (Fig. 1). Because the ENiT) values of the 
Soviet Karelian batholiths plot considerably 
below the evolution of the Finnish granites and 
thus toward distinctly negative ENd values 
characteristic of ancient continental crust (cL 
Huhma, 1986; Fig. 42), a logical conclusion is 
that both Svecofennian and Archean crustal 
material were fused to generate the Soviet 
Karelian batholiths and that they are mixtures of 
these two components. 

Assuming such a mixed source for the Soviet 
Karelian granites, the relative amounts of 
Svecofennian and Archean contribution can be 
evaluated by using a two-component mixing 
equation (pushkar et al., 1972). Mixing x parts 
of Archean and one part of Svecofennian crustal 
material to yield the Nd isotopic composition of 
the sampies from the Soviet Karelian batholiths 
is described by the equation 

CNiSVEC)[ENd(SOV)-ENiSVEC») 
(7) x = --'-=--:...---'-'-'-----'-'----

CNd(ARCH)[ENd(ARCH)-ENd(SOV)) 

(cL Patchett & Bridgwater, 1984) where CNii) is 
the concentration of Nd in component i, ENii) 
is the ENd value of component i, SVEC and 
ARCH denote Svecofennian and Archean com-

ponents, respectively, and SOV the Soviet 
Karelian batholiths. Because both of the antici­
pated sources are crustal and because the mag­
mas for the Finnish and Soviet Karelian rapaki­
vi granites were probably generated by similar 
processes in the lower parts of the crust, the Nd 
concentrations of the two sources can be app­
roximated as equal. This reduces the right-hand 
side of equation (7) to [ENd(SOV)-ENiSVEC))/ 
[ENiARCH)-ENiSOV)]. 

The average initial ENd value of the Svecofen­
nian source can be approximated by calculating 
the average ENd value of the Finnish rapakivi 
granites at the time of the crystallization of the 
Soviet Karelian batholiths. Excluding the topaz­
bearing granites from the calculation (ENd values, 
other than initial, of such highly fractionated 
rocks may be subject to error, cL Miller & Mitt­
lefehldt, 1982), an average of ENi1540 Ma)= 
-2.52 ± 0.40 (1 S.D.) is obtained . This well­
defined figure is considered to be what would 
have been the average initial composition of the 
Soviet Karelian plutons if no Archean crust was 
involved in their genesis, and thus is also an esti­
mate of the composition of the Svecofennian 
lower crust component at that time. 

The Nd isotopic composition of the Archean 
crustal source is more controversial. The main 
problem is wh ether the data measured for 
sampies from the upper exposed parts of the 
Archean crust can be used as such to model the 
lower crust as weIl. Several workers (e.g., 
Weaver & Tarney, 1980; Ben Othman et al., 
1984; DePaolo , 1988b; Zartman & Haines, 1988) 
suggest that there may not be any significant 
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differenee in the overall Sm/ Nd ratio between the 
upperand lower eontinental erust. Reeent studies 
on granulite xenoliths assumed to sam pie the 
lower parts of the eontinental erust suggest, how­
ever, that the lower erust may be more mafie and 
eonsequently exhibit a higher Sm/ Nd ratio than 
the upper erust (Rudniek & Taylor, 1987; Kemp­
ton et al. , 1990; see also Tayllor & MeLennan, 
1985). Nd isotopie data on the Fennoseandian 
Arehean eraton have been published by Martin 
et al. (1983), Jahn et al. (1984), Huhma (1986), 
and Öhlander et al. (1987). The 19 analysed 
Arehean gneiss and mafie meta-igneous sam pies 
have, as is typieal of sam pies from Arehean eon­
tinental erust, very unradiogenic Nd isotopie 
ratios, and their average ENd value at 1540 Ma is 
-17.2±3.6(1. S.D.). Thisissomewhatlowerthan 
the ENd(1540 Ma)=-15 of the Post-Arehean 
average Australian Shale (P AAS) that has been 
eonsidered as a global average of Arehean eon­
tinental erust (cf. Nanee & Taylor, 1976). Assum­
ing that the Fennoseandian Arehean eraton is 
homogeneous with respeet to its long-term 
Sm/Nd ratio, the average (ENd = -16 at 1540 Ma) 
of the analysed sam pies and P AAS ean be used 
to model the Arehean lower crustal source. H, 
however, the lower parts of the Fennoseandian 
Arehean eraton were substantially more mafie 
than its upper exposed parts (i.(:., had a distinetly 
higher average Sm/Nd ratio), a less negative ENd 
value should be used for the Archean eomponent. 
Some indication of such a more radio genie lower 
erust Nd isotopic eomposition may be provided 
by post-teetonie ca. 1.8 Ga old granites from 
northern Finland analysed for Nd isotopes by 
Huhma (1986), Hf isotopes by Patehett et al. 
(1981), and Pb isotopes by Kouvo et al. (1983). 
These granites were emplaeecl within or elose 
to the Arehean eraton, show dlistinetly negative 
ENiT) values of -9.1 and -7.9 (Huhma, 1986) as 
weil as negative EHf(T) values and low alkali 
feldspar 207Pbj206Pb ratios, and have been sug­
gested as being derived largely from the Arehean 
erust (patehett et al. , 1981; Kouvo et al. , 1983; 
Huhma, 1986; Haapala et al. , 1987). The 
ENd(1540 Ma) values of these granites are -12.6 

and -11.8, and thus about five ENd units higher 
than the average ENd(1540 Ma) value of the 
sam pies from the Arehean upper erust. Aeeord­
ingly, they might refleet the eomposition of a 
more radiogenie Arehean lower erustal source. 

Using the ENd(1540 Ma) = -16 for the Arehean 
eomponent and the average (-6.9) of the initial 
ENd values of the Soviet Karelian biotite granites, 
a figure of 32070 is ealculated as the Arehean eon­
tribution from equation (7) (Table 12). When the 
average ENd (1540 Ma) value of the two northern 
Finnish granites is used, the result is 45%. This 
suggests that the Arehean eomponent in the So­
viet Karelian rapakivi granite batholiths may 
amount to 30 to 45%, the remaining 70 to 55% 
being reworked 1.9 Ga Sveeofennian material 
that is eonsidered to be the sole souree for the 
Finnish rapakivi granites. 

Table 12. Mixing of Arehean and Sveeofennian erustal material 
to yield the Nd isotopie eomposition of the Soviet Karelian 
batholiths. See text for details. 

ENd at 1.54 Ga Arehean eontribution 

Mixture Arehean Sveeofennianc x % 
eomponent eomponent 

-6.9 - 16" - 2.52 0.481 32 

-6.9 - 12.2b - 2.52 0.826 45 

" average of data on the exposed parts of the Fennoseandian 
Arehean eraton (19 gneiss and mafic meta-igneous sampies 
analysed by Martin et al., 1983, lahn et al., 1984; Huhma, 
1986, and Öhlander et al. , 1987) and the Post-Archean average 
Australian Shale (PAAS) of Nance and Taylor (1976) (see 
also Patchen & Bridgwater, 1984) . 

b assumed composition of a postulated more mafic Arehean 
lower erust, derived from the data of Huhma (1986) on two 
post-tectonic 1.8 Ga granites from northern Finland. 

c average of the Finnish rapakivi granites (fractionated topaz­
bearing granites excluded). 

An alternative to the two-eomponent mixing 
origin is that the Soviet Karelian batholiths were 
derived from a single erustal souree that had 
differentiated from the mantle roughly 2.4 Ga 
aga (the T DM model ages of the two unfraetio­
nated Soviet Karelian sampies are 2.46 and 2.32 



Ga, Table 3). There is, however, no indisputable 
evidence far such a source in the Fennoscandian 
shield; indeed, new ion microprobe V-Pb zircon 
data on Svecofennian early Proterozoic sedimen-
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tary rocks seem to preclude the existence of 
crustal segments in the Fennoscandian shield in­
termediate in age between Archean and Sveco­
karelian (Huhma et al., 1991). 

RAPAKIVI GRANITES AS PRODES INTO TUE LOWER CONTINENTAL CRUST: 
IMPLICATIONS OF TUE Nd AND Pb ISOTOPIC DA TA 

A generally held view is that granites reflect 
the isotopic character of their source regions deep 
in the continental crust and that they may, when 
subsequent melt evolution effects are filtered out, 
yield statistical regional averages of the isotopic 
composition of those parts of the crust from 
which they derive (cL Chappell, 1979; Ben 
Othman et al., 1984; DePaolo, 1988b). The Nd 
and Pb isotopic composition of the Finnish 
rapakivi granites does not markedly deviate from 
those measured for the sampies from the exposed 
parts of the juvenile 1.9 Ga Svecofennian crust. 
Provided that the Finnish granites actually are 
pure crustal melts, this means that the juvenile 
crust was not differentiated to any substantial 
degree in terms of Nd and Pb isotopes by the time 
of emplacement of the rapakivi granites . 

The very unradiogenic Pb isotopic ratios 
measured for the Soviet Karelian sam pies indi­
cate that a source (or sources) with retarded Pb 
isotopic evolution contributed to the Soviet 
Karelian rapakivi granite magmas. The interpre­
tation of the Soviet Karelian Nd data by the two­
component mixing model implies that this source 
with the low V/ Pb ratio is the Archean lower 
crust. Such depletion of V in the lower continen­
tal crust during intra-crustal differentiation 
processes (metamorphism, partial melting) has 
been documented by several authors (e.g., 
Heier & Adams , 1965; Gray & Oversby, 1972) 
and has been suggested to be a direct function 
of the tectonothermal age of the crust (Rud­
nick & Goldstein, 1990). 

In constructing the two-stage evolution model 
fo r the Svecofennian galena Pb data, Huhma 

(1986) suggested that a high V/ Pb Archean upper 
crustal source and a low V/ Pb mantle had the 
major roles in contributing to the resulting mix­
ing line (»orogenic trend» of Vaasjoki, 1981), but 
that Archean lower crustal sour ces with low 
V/ Pb ratio probably also contributed . Some in­
dication of the unradiogenic Pb isotopic charac­
ter of the Fennoscandian Archean lower crust is 
provided by the alkali felds par Pb data on the 
two 1.8 Ga old post-tectonic granites in north­
ern Finland (Kouvo et al. , 1983). The initial Pb 
isotopic ratios measured for the alkali feldspars 
carrespond to 112 values of 7.7 and 8.9 (calcu­
lated according to the two-stage model of Stacey & 
Kramers, 1975), with the sampie with the lower 
112 value also having the lower eNd(T) value. The 
average 112 value of the northern Finnish 
granites is somewhat lower than that of the Soviet 
Karelian rapakivi granites. 

Vsing the constraints of the Nd mixing calcu­
lations for the contribution of Archean crust to 
the Soviet Karelian batholiths, a crude estimate 
of the overall V/ Pb ratio of the Archean lower 
crust can be accomplished. Moreover, it appears 
that the alkali felds par Pb data can be used to 
refine the Nd mixing model. The two-component 
rnixing equation (7) and the least radiogenic alkali 
feldspar Pb isotopic ratios of the Finnish and 
Soviet Karelian batholiths (sampies A373/ KS and 
IYLl79/ KS in Table 6) can be used to evaluate 
the 206Pb j204Pb and 207Pbj204Pb ratios in the 
Archean lower crustal source. On the basis of the 
the Nd isotopic data it was calculated that the 
proportion of the Archean component relative to 
the Svecofennian one, x (cf. equation [7]), could 
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be 0.481 (using data on the sampies of the ex­
posed parts of the Archean craton) or 0.826 (as­
suming that the two northern Finnish post-tec­
tonic granites tapped a high er Sm/Nd Archean 
lower crust source). Assuming that the Pb con­
centrations in the Svecofennian and Archean 
lower crustal sources were equal, the 206Pb j204Pb 
ratio of the Archean source is obtained from the 
equation 

206Pb (SOV) _ 206Pb (SVEC) 

(8) 206Pb (ARCH) = 204Pb 204Pb 
- Pb x 

206Pb 
+- (SOV) 

204Pb 

where 206Pbj204Pb(i) is the Pb isotopic ratio in 
component i, x is the relative proportion of 
Archean component as defined by equation (7), 
and ARCH, SOV, and SVEC denote Archean, 
Soviet Karelian, and Svecofennian components, 
respectively. An identical equation can be written 
for the 207Pbj204Pb ratios. Inserting the least 
radiogenic alkali feldspar 206Pbj204Pb ratio of 
the Finnish granites (16.047) as 
206Pb/ 204Pb(SVEC) and tha of the Soviet 
Karelian granites (14.961) as 206Pbj204Pb(SOV) 
In the equation (8) results in 
206Pb/ 204Pb(ARCH) = 12.703 for x = 0.481 and 
206Pbj204Pb(ARCH) = 13.646 for x = 0.826 . The 
corresponding 207Pb/ 204Pb ratios are 14.267 
(x = 0.481) and 14.581 (x = 0.826). The Stacey and 
Kramers (1975) second-stage model ages of these 
isotopic compositions are 3.21 Ga (x = 0.48i) and 
2.49 Ga (x = 0.826), whilst the 112 values are 12.0 
(x = 0.481) and 8.2 (x=0.826). The high apparent 
112 value of 12.0 calculated assuming the smaller 
Archean contribution (32070, Table 12) probably 
indicates that this figure is not valid and suggests 
a larger amount of Archean contribution in the 
Soviet Karelian rapakivi granites, and, by impli­
cation, that the Archean lower crust has a higher 
Sm/ Nd ratio than the Archean upper crust. The 
112 value, 8.2, corresponding to the larger value 
of x, is dose to the average 112 value, 8.3, calcu­
lated for the Pb in the alkali feldspars of the two 
post-tectonic granites in northern Finland . If the 

post-tectonic granites actually represent melts 
generated from the Archean lower crust (cf. 
Patchett et al., 1981; Kouvo et al., 1983; Huh­
ma, 1986; Haapala et al. , 1987), the calculations 
imply that the Archean component in the Soviet 
Karelian batholiths amounts to the higher value 
suggested by the Nd mixing model (45%, Table 
12) and that the Archean lower crust may have 
an apparent J..12 value of the order of 8. 

The U/ Pb evolution of the main postulated 
sources for Pb in the Fennoscandian shield are 
shown in Fig. 48. Crowth curves for Archean 
upper crust with 112 = 11.8, depleted mantle with 
112 = 9.17, and average Svecofennian juvenile 
crust with 112 = 9.81 (all approximated from the 
galena Pb data of Vaasjoki, 1981) as well as for 
the hypothetical Archean lower crust (112 = 8) are 
shown along with the calculated composition of 
the Archean lower crust (using x = 0.826). Data 
on the alkali felds pars of the the two post-tec­
tonic granites of northern Finland (Kouvo et al. , 
1983) and Stacey and Kramers (1975) model 
isochrons for 1000, 1540, and 1900 Ma are shown 
as weil. In contrast to the data for the Finnish 
sampies, the alkali feldspars from the Soviet 
Karelian plutons plot to the left of the second­
stage model isochron at 1540 Ma (the model ages 
of the two sampies are 1886 and 1724 Ma; Table 
6). This implies that the Pb evolution of the 
Archean source cannot be assessed by this kind 
of simple two-stage model. It is possible that the 
Fennoscandian Archean lower crust consists of 
several different reservoirs with variable, but low, 
U/ Pb ratios, and that more than one of these 
reservoirs were tapped by the processes that gene­
rated the Soviet Karelian rapakivi granite mag­
mas. For example, several reworking events be­
tween 3.5 and 2.4 Ga ago, that could also have 
given rise to such distinct environments with 10w 
U/ Pb ratios have been identified in the Archean 
of northern Finland (Jahn et al. , 1984). 

As can be seen from Fig . 34b, the Soviet 
Karelian data show, on the average, a slightly 
high er overall Th/ U ratio (4.49) compared to the 
Finnish data. The K 2 values (232Th j238U ratios) 
calculated for the Pb in the Soviet Karelian alkali 



feldspar fractions are 4.40 and 3.83 (Table 6) 
while the average for the Pb in the Finnish alkali 
feldspars is 3.73 ± 0.16 (1 S.D.). This suggests 
that the Archean lower crustal source (or sourees) 
had a slightly high er average Th/ V ratio than the 
Svecofennian lower crust, a feature presumably 
resulting from a longer interval of V depletion 
in the Archean lower crust environment. 

While discussing preliminary Nd isotopic data 
on the Soviet Karelian batholiths, Rämö and 
Haapala (1991) found it impossible to decide con­
clusively whether the Archean signature in the 

15.8 

Arehean upper ernst 
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Salmi batholith was inherited from the Archean 
tonalite-trondhjemite-granodiorite basement 
itself or from Proterozoic sedimentary rocks 
carrying a major Archean component. The 
present data, however, resolve this controversy, 
because partial melting of such sedimentary 
source rocks, carrying at least some detritus from 
the high V / Pb Archean upper crust (cf. Fig. 48), 
would have produced crustal melts with relatively 
radiogenie Pb isotopic ratios and thus very dif­
ferent from the unradiogenic Soviet Karelian 
magmas. 

.e e • e 
(112 = 11.8) ~ •• _e-e _ 

~;e ~, \ Svecofennilm juvenile 

.c 
D.. ..,. 
o 
N -.c 
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15.0 

! /~ crust (112 = 9.81) 

?JtiItfi 
• • 

'" Mantle ( 112 = 9.17) 

• 
Hypothetiea! Arehean lower 
ernst evolution ( !12 = 8) 

Alkali feldspars fram 1.8 Ga past­
teeronie granites in nonhem Finland 
(KaI/va et al., 1983) 

Evolution of major 
sources for Pb in the 
Fennoscandian shield 

I / 
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eomposirion 
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Fig. 48. Pb isotoplc data of the Finnish and Soviet Karelian rapakivi granites (Tables 5 and 6) plotted in 207Pb/204Pb vs. 
206Pbl'04Pb diagram showing the growth curves of major sources for Pb in the Fennoscandian shield. The latter com­
prise Archean upper crust (112= 11.8), mantle (112=9.17), juvenile 1.9 Ga Svecofennian crust (112=9.81), and hypotheti­
cal Archean lower crust (apparent 112 = 8). Stacey and Kramers (1975) model isochrons for 1000, 1540, and 1900 Ma are 
also shown. Rapakivi sampies : open circ1es - Finnish alkali feldspars; c10sed circ1es - Finnish wh oie rocks; crossed open 
circ1es - Soviet Karelian alkali feldspars; crossed c10sed circ1es - Soviet Karelian wh oie rocks. Composition of alkali 
feldspars from two 1.8 Ga post-tectonic granites in northern Finland (Kouvo et al. , 1983) and a calculated Archean lower 
crust composition are also shown. See text for further details. 
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RAPAKIVI-AGE BASIC ROCKS: MANTLE SOUR CE CHARACTERISTICS AND 
MAGMA EVOLUTION 

Evolution of the diabase dyke magmas 

The Subjotnian diabases wer,e crystallized from 
basic Iiquids that were rapidly quenched at shal­
low levels ne ar the surface of the Earth. This is 
manifested by the observation of Lindqvist and 
Laitakari (1980) who reported basaltic glass from 
a dyke belonging to the Häme swarm proper. Ac­
cordingly, the analysed dyke sampIes are consid­
ered to give a reasonable indication of the co m­
position of the actual liquids from which the 
dykes crystallized. Some qualitative aspects of 
diabase magma evolution are: discussed below 
along with quantitative modeling based on major 
and trace element as weil as isotopic data. The 
discussion is 'based on the data of the Suomen­
niemi swarm and the Lovasjärvi intrusion that 
geographically constitute relatively restricted 
sampling. This minimizes complications arising 
from possible lateral compositional heterogeneity 
in the Iithosphere (i.e., continental crust and 
lithospheric mantle) from which the diabase 
dykes are thought to have inherited their co m­
positional features. 

Primitive meIts from a LIL-(~nriched mantIe? 

One possible explanation for the incompatible 
trace element enriched character, unradiogenic 
Nd isotopic compositions, and the radiogenic Pb 
isotopic compositions of the Subjotnian diabases 
is that they were derived from an enriched mantle 
source in the subcontinentallithosphere. Studies 
of ultramafic xenoliths in alkali basalts and kim­
berlites suggest variable relative enrichment or 
depletion of the lithophile trace elements (the 
LREE, K, U, Th, Rb etc.) in the uppermost parts 
of the subcontinental mantle (e.g., Menzies, 
1983; Nixon & Davies, 1987; McDonough, 1990). 
The xenoliths have been grouped into different 
categories on the basis of their time-integrated 
isotopic ratios and element contents. Enriched 

compositions have been attributed to enrichment 
processes caused by silicate melts or CO2-H20 
fluids enriched in these elements (cf. Bailey, 1982; 
Menzies, 1983; Hawkesworth et al., 1984; Le 
Roex, 1987). One geological environment in 
which these enrichment processes can occur is the 
subcontinental lithosphere above a subduction 
zone where the Iithospheric mantle is affected by 
LIL-element enriched fluids derived from the 
down-going slab (Wittke et al., 1989). Partial 
melting of the enriched parts of the subcontinen­
tal lithospheric mantle can produce primitive 
mafic melts with a LREE-enriched character. 

In order to discern whether the REE patterns 
of the diabase dykes of the Suomenniemi swarm 
could have been produced by partial melting of 
a LREE-enriched mantle source, two modal 
batch melting models were devised. These in­
volved spine I lherzolite from the upper parts of 
the Iithospheric mantle and gamet lherzolite 
representing higher press ure (cf. McDonough et 
al., 1985). Modal compositions used were 80070 
olivine, 10070 orthopyroxene, 8070 clinopyroxene, 
and 2070 spinel for the former (Menzies, 1983) and 
50070 olivine, 30070 orthopyroxene, 10070 clino­
pyroxene, and 10070 gamet for the latter (Cox, 
1983). REE contents used were those suggested 
for post-Archean subcontinental lithospheric 
mantle by McDonough (1990). The models were 
derived using the trace element modeling pro­
gram MODULUS (Knoper, 1989), with the crys­
tal/liquid distribution coefficients listed in 
Appendix 3. Both the average (LaN = 8.39, [Lai 
Ybl N =6.74) and maximum (LaN =26.8, [Lai 
YblN = 14.0) REE contents given by McDonough 
(1990) were used in the ca1culations. 

The results of the ca1culations are shown in 
Fig. 49. It is evident from Figs . 49a and b that 
batch melting of gamet lherzolite does not yield 
the REE pattern of the diabase dykes: the result­
ing patterns are much too enriched in the LREE. 



Moreover, as gamet peridotites in general are 
somewhat more enriched in the LREE than spinel 
peridotites (McDonough, 1990), these melt pat­
terns may indicate the minimum LREE-enrich­
ments produced by melting garnet-bearing 
peridotites. Patterns more in accordance with the 
diabase data are obtained by melting of spinel 
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lherzolite (Fig. 49c and d). At the relatively large 
degrees of partial melting (l0 to 30070) that are 
generally believed to produce tholeiitic melts 
from mantle peridotite (e.g., Jaques & Green, 
1980; Basaltic Vo1canism Study Project, 1981), 
LREE-enrichments similar to those measured for 
the sampIes of the Lovasjärvi intrusion are 
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Fig. 49 . Batch melting models of various postulated upper mantle compositions enriched in the light rare earth elements . 
(a) and (b) demonstrate the results of batch melting calculations of gamet lherzolite (500/0 olivine, 30% orthopyroxene, 
10% clinopyroxene, 10% gamet), (c) and (d) those of spinellherzolite (80% olivine, 10% orthopyroxene, 8% clinopyrox­
ene, 2% spinei), with REE contents as those suggested for post-Archean subcontinentallithospheric mantle by McDonough 
(1990) . Thick solid lines indicate 2,5 , 15, and 30 % melting of the Iherzolites (dashed patterns) with the average (a and 
c) and maximum (b and d) REE abundances of McDonough (1990) . The compositional band of the diabase dykes of the 
Suomenniemi swarm (shaded areal and the patterns of the two sam pies of the Lovasjärvi intrusion (stippled) are also shown. 
Numbers in parentheses indicate chondrite-normalized La/ Yb ratios . 
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produced by partial melting of spinel lherzolite 
with the average REE contems of McDonough 
(1990). 10 to 300/0 batch melting of spinellher­
zolite with 2690 ppm Cr (McDonough, 1990) 
would, however, produce tholeiitic melts with 960 
to 1120 ppm Cr, which is very different from 
what is observed for the Subjotnian diabases 
(Le., 13 to 85 ppm Cr; Appendix 2) . The liquid 
line of des cent followed by such primitive mafic 
melts to more evolved compo~itions such as the 
Subjotnian diabases requires pyroxene and/ or 
spinel fractionation, furt her increasing the level 
of LREE-enrichment, in exce:;s of those meas­
ured for the diabase dykes and the Lovasjärvi in­
trusion. 

In the light of the batch rnelting models it 
seems unlikely that the Suomenniemi diabases 
represent unmodified melts from LREE-enriched 
lithospheric mantle sources. Considering the 
uncertainties involved in choosing the source 
compositions and crystal/liquid partition coeffi-

Plag 

50 

01 + liq 

01 50 

cients, conclusive evidence against such an origin 
is lacking, however. It is nevertheless worthwhile 
to seek other causes for the LREE-enriched 
character of the diabase dykes . 

Qualitative constraints from petrography and 
major and trace element variations 

Nearly all cf the diabases from the Suomen­
niemi area have plagioclase as a liquidus phase 
- either being conspicuously plagioclase-phyric, 
or showing at least some scattered plagioclase 
phenocrysts or megacrysts. The olivine pheno­
cryst pseudomorphs found in the chilled margins 
of some dykes, and the melatroctolite cumulate 
of the Lovasjärvi intrusion further suggest that 
olivine has probably been cotectic with plagio­
clase. Because tholeiitic basalts in general are ex­
pected to precipitate few phenocrysts during their 
ascent from magma chambers (Huppert & 

1 atm normative basalt system 
(projected from Si0:J 

• Suomenniemi swarm (n = 18) 

Fig. 50. Normative compositions 
of the diabase dykes (those having 
Q-parameters < 10, Appendix 2) 
plotted in the 1 atm normative ba­
salt system. The shaded areas in­
dicate near-cotectic behavior of the 
various silicate phases (cf. Cox & 
Bell, 1972; Cox et al., 1979) . 

Cpx 



Sparks, 1985), the observed phenocryst assem­
blages are probably the result of magma evolu­
tion that took place at depth, i.e., within intra­
crustal chambers . 

The fact that plagioclase and olivine are found 
as liquidus phases in the diabases of the Suomen­
niemi complex can be used to place constraints 
on the overall pressure regime in which the dyke 
magmas developed. The composition of the dia-
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Fig. 51 . The ehemieal analyses of the diabase dykes of the 
Suomenniemi swarm (Appendix 2) plotted in (a) Ni vs. MgO. 
(b) Cr vs . MgO. and (e) Sr vs. MgO variation diagrams. 
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base dykes is plotted in the simple normative 
basalt (Ol-Cpx-Plag-Qz) system in Fig. 50 (cf. 
Cox et al., 1979, p. 230). Most of the dykes plot 
on the 1 atm olivine + plagioclase cotectic as ex­
pected from petrographie observations. Those 
having high AI20 3 (sampies A1063, A1064, 
AllOl, and 0239.1) are slightly displaced from 
the cotectic, falling in the plagioclase + liquid 
field, which is consistent with them possibly being 
somewhat cumulus-enriched with respect to 
plagioclase. Qualitatively, these observations sug­
gest that the diabase magmas last equilibrated in 
a low-pressure environment. 

In Fig. 51, the Ni, Cr, and Sr abundances in 
the diabases of the Suomenniemi swarm are plot­
ted against their MgO content. Positive correla­
tions exist between Ni and MgO as weil as Cr 
and MgO, while Sr is relatively constant though 
scattered relative to MgO. These trace element 
patterns are typieal of low-pressure gabbro 
(plagioclase + olivine + clinopyroxene) fractiona­
tion: declining Ni with MgO caused by olivine 
removal, declining Cr by clinopyroxene rem oval 
or by fractionation of Cr spinel at slightly higher 
pressure, and nearly constant Sr maintained by 
plagioclase fractionation (cf. Cox, 1980; Cox & 
Hawkesworth, 1985). 

Gabbro fractionation results in specific major 
element patterns, including sympathetic behavior 
of CaO and MgO, relatively constant though 
variable A120 3, and Fe enrichment relative to 
Mg (Cox, 1980). The data on the Subjotnian 
diabases show a rough positive CaO vs. MgO 
correlation (Fig. 52a) and scattered AI20 3 with 
respect to MgO (Fig . 52b). Fe is not, however, 
enriched relative to Mg (Fig. 52c). This may, at 
least in part , result from the combined effects of 
the high overall degree of Fe-enrichment of the 
dykes (see Fig . 26) and the apparent dominant 
role of palgioclase in the fractionating assemblage 
(olivine phenocrysts, although present , are very 
rare compared to plagioclase phenocrysts). That 
clinopyroxene was fractionated is suggested by 
the decreasing Cr (Fig. 51b) and is further sup­
ported by the declining CaO/ Al20 3 ratio relative 
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to MgO (Fig. 52d; eL Basaltic Vo1canism Study 
Projeet, 1981, p. 153). No clinopyroxene 
phenoerysts are present in the dykes, however. 
This eonfliet of major and traee element varia­
tions invoking clinopyroxene :fraetionation, and 
laek of clinopyroxene as a phenoeryst phase, has 
been reported elsewhere in association with eon­
tinental basalts (Cox, 1980; Basaltie Vo1canism 
Study Projeet, 1981, and referenees therein; 
Lightfoot et al. , 1990). It may indieate preeipi­
tation of clinopyroxene at higher press ure, with 
resorption of the phenoerysts, possibly due to 
eertain polybaric effeets within the low-pressure 
regime, as suggested by Cox (1980). 

In the eonventional normative Ol-Hy-Di-Qz-Ne 
diagram (Fig. 25), the diabase dykes show a range 
from siliea-saturated to siliea-oversaturated eom­
positions and plot rather close to the Hy eorner. 
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They fall clearly below the 1 atm olivine + 
plagioclase + clinopyroxene eoteetic of Walker 
et al. (1979), close to the tentative lower 
erust plagioclase + clinopyroxene ± olivine ± mag­
netite eoteetie of Thompson et al. (1983) . This 
projeetion also implies clinopyroxene fraetiona­
tion taking plaee at a higher pressure. 

In eonclusion, petrographie features (plagio­
clase and olivine on the liquidus) and the eom­
positional patterns shown in Figs. 25 and 50 sug­
gest that the evolution of the diabase magmas of 
the Suomenniemi swarm was to a eonsiderable 
extent eontrolled by fraetionation in a erustal 
pressure regime. This involved plagioclase, oli­
vine, and probably clinopyroxene fraetionation 
that took plaee while the mafie magmas were 
evolving in intra-erustal magma ehambers. The 
Lovasjärvi mafie intrusion possibly represents 
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Fig. 52. The chemical analyses of tht: diabase dykes of the Suomenniemi swarm (Appendix 2) plotted in (a) CaO vs. MgO , 
(b) Al20 l vs . MgO, (c) FeO vs. MgO, and (d) CaO/ Al20 l vs . MgO variation diagrams. 



such achamber, and provides evidence for the 
fractionation processes. The conclusions above 
confirm those of Boyd (1972) who considered the 
chemical characteristics of the Häme swarm to 
be products of extensive near-surface fractiona­
tion. 

Closed-system fractional crystallization modeling 

In order to find out whether closed-system 
fractional crystallization could account for the 
compositional variation in the Suomenniemi 
swarm, major element fractional crystallization 
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modeling was used to assess possible fractiona­
tion assemblages and degrees of fractionation 
over the range of observed dyke compositions. 
The least-squares approximation program MAG­
FRAC (Morris, 1984) was used to calculate 
assemblages and degrees of fractionation consis­
tent with assumed initial and evolved liquid com­
positions. 

Because the major element compositions of the 
analysed dyke samples show pronounced scatter 
at any one level of Si02 and MgO contents 
(Figs. 24 and 52), averages of several analyses 
were used as end-member compositions in the 
modeling. For the initial liquid, the average com-

Table 13. Least-squares major element modeling of the diabase dykes of the Suomen­
niemi swarm. See text for details. 

MODELl 

Fractionating assemblage: 

65% plagioclase 

20% olivine 

11% clinopyroxene 

3% magnetite 

1% ilmenite 

F" 0.46 

ER 2b 
< 0.25 

Model liquid compositions: 

Initial Initial Evolved 
Assumed Calculated Assumed 

Si02 49.14 49.16 53.50 

Ti02 2.23 2.23 3.21 

AI20 3 17.29 17.31 13.66 

FeO
e 

12.97 12.97 14.21 

MnO 0.19 0.16 0.18 

MgO 5.06 5.03 2.95 

CaO 8.53 8.49 6.34 

Na20 2.75 2.27 2.43 

K20 1.35 1.24 2.34 

P20S 0.50 0.54 1.18 

Initial 

MODELII 

60% plagioclase 

23% olivine 

16% clinopyroxene 

0.2% magnetite 

0.8% ilmenite 

0.47 

< 0.33 

Initial Evolved 
Assumed Calculated Assumed 

49.66 49.71 as in I 

1.90 1.90 

16.32 16.31 

12.78 12.78 

0.19 0.16 

5.79 5.73 

8.68 8.60 

2.45 2.19 

1.74 1.25 

0.49 0.56 

Note: The analyses were normalized to 100% total for the modeling. 
a Fraction of residual liquid remaining. 
b Sum of the squares of the residuals. 
C Total Fe reported as FeO. 
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Table 14. Composition of olivines, c1inopyroxenes, and plagioc1ases from the diabase dykes of the Suomenniemi swarm and olivines from the melatroctolite cumulate of the Lovasjärvi intrusion. 0 
Ö 

(JQ 

Olivines Clinopyroxenes Plagioc1ases n' a 
Lovasjärvi intrusion Cf) 

:; 
Sampie AI063 030.1 030.1 0138.1 A1129 18396 A1063 AI063 030.1 AI064 0138.1 0138.1 A1063 030.1 030.1 AI064 0138.1 < 

(l) 

'< 
(margin) (margin) (margin) (margin) 0 ..., 

52.89 53.13 
"rj 

Si02 (wt%) 34.22 33.01 32.50 33.20 35.30 36.56 47.70 48.21 49.09 49.52 48.92 50.00 53.30 51.98 51.45 5' 
Ti02 0.07 0.03 0.03 0.02 0.02 0.04 1.84 1.60 1.06 0.97 1.28 0.60 0.13 0.13 0.08 0.03 0.08 

., 
P-

AhO) 0.05 0.02 0.04 0.05 0.22 0.00 3.80 3.11 2.31 1.93 2.46 1.42 29.17 30.55 30.91 29.68 29.36 
tll 

FE ~)" 41.51 42.48 49.25 48.46 36.76 35.84 14.92 15.20 14.31 16.99 15.54 16.17 0.60 0.60 0.52 0.51 0.42 E. 
~ 

MnO 0.56 0.63 0.77 0.79 0.40 0.37 0.32 0.32 0.30 0.40 0.40 0.34 0.03 0.00 0.00 0.00 0.02 5' 
MgO 23.29 24.16 17.93 17.50 27.99 26.74 11.49 11.81 13.43 12.58 11.88 11.24 0.06 0.06 0.07 0.05 0.06 w 

v. 
v. 

CaO 0.26 0.00 0.00 0.06 0.07 0.15 19.29 19.01 18.78 17.15 18.63 19.25 11.70 13.05 12.89 12.78 12.76 

Na20 0.00 0.00 0.00 0.00 0.10 0.00 0.33 0.30 0.27 0.27 0.22 0.30 4.09 3.42 3.25 3.67 3.91 

KzO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.02 0.00 0.02 0.39 0.36 0.47 0.33 0.00 

Cr20) 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.06 0.22 0.22 0.00 0.00 0.00 0.00 0.00 

NiO 0.07 0.07 0.03 0.06 0.00 0.00 0.04 0.04 0.00 0.00 0.00 

ZnO 0.20 0.05 

SaO 0.04 

Total 100.03 100.40 100.55 100.14 100.86 99.70 99.75 99.62 99.61 99.93 99.79 99.61 99.47 100.15 99.64 99.94 99.74 

End-membcr compositions (mole%): 

FOb 50.0 50.3 39.4 39.2 57.6 57.1 Wob 41.1 40.2 38.6 35.8 39.4 40.5 An 59.8 66.7 66.4 64.5 64.3 

Fab 50.0 49.7 60.6 60.8 42.4 42.9 Enb 34.1 34.7 38.4 36.5 35.0 32.9 Ab 37.8 30.4 31.5 33.5 35.7 

Fsb 24.8 25.1 23.0 27.7 25.7 26.6 Or 2.4 2.9 2.2 2.0 0.0 

Note: Electron microprobe analyses by Walter Soyd (Suomenniemi swarm) and Jaakko Siivola (Lovasjärvi intrusion) . 

• Total Fe reporied as FeO. 

b Calculated assuming all Fe as FeZ +. 



position of eight of the most primitive sam pies 
listed in Appendix 2 was used (see Table 13). 
These exhibit a range of Mg numbers from 48.7 
(sampie 133.2) to 43 .1 (sampie 145.1) and nor­
mative An/ (An + Or) ratios from 0.578 (sampie 
A1064) to 0.556 (sampie 136.2), inc1uding also 
some of the high-Al compositions. The average 
composition of three of the most evolved sam­
pies (A1047 , A1068, and 0176.1, with Mg num­
bers 25.9,31.8, and 32.8, respectively) was used 
for the derived liquid (Table 13). 

Microprobe data on olivine, c1inopyroxene, 
and plagioc1ase of the diabase dykes and the 
Lovasjärvi intrusion (Table 14) were used as com­
positions of the fractionating phases. Because the 
olivine phenocrysts found in the chilled margins 
of some of the dykes are completely altered , the 
compositions of the cu mulus olivines in the 
melatroctolite of the Lovasjärvi intrusion were 
used. The average Mg/ Fe ratio of the Lovasjär­
vi olivines, FoS7 .4 (Table 14), is almost identical 
to the Mg/ Fe ratio of olivine that would be in 
equilibrium with the assumed primitive liquid 
according to the model of Roeder and Emslie 
(1970), that is Fos6.s' This olivine composition 
was used throughout the modeling, as the precipi­
tation of olivine probably took place only at re la­
tively early stages of the fractionation (the more 
evolved dykes lack olivine in the mode and in the 
norm) . The plagioc1ase composition (AnS9.S' 

sam pie A1063) listed in Table 14 is from a 
phenocryst, and is less basic than the other four 
compositions measured in groundmass plagio­
c1ase . This could me an that the composition of 
the plagioc1ases that precipitated in the magma 
chambers possibly ranged from more basic, say 
An70 , down to at least An6Q' It is thus probably 
justified to use the most basic measured plagio­
c1ase composition, An66.7, to model plagioc1ase 
fractionation in this context. Because no 
c1inopyroxene phenocrysts are found in the dia­
base dykes, an average of the non-margin ground­
mass c1inopyroxene analyses listed in Table 14 
was used. This involves some uncertainty, but is 
not considered to result in any substantial error 
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Table 15. Mineral compositions (in wt%) used for major 
element least-squares approximation calculations of the diabase 
dykes of the Suomenniemi swarm. 

Plagioclase Olivine Clinopyr. Magnetite Ilmenite 

SiOz 51.64 35.83 49.00 0.52 0.51 

TiOz 0.08 0.03 l.29 2l.88 5l.28 

A lz0 3 3l.02 0.11 2.64 2.60 0.00 

FeO 0.52 36.20 15.50 72.92 45.13 

MnO 0.00 0.38 0.36 0.52 0.51 

MgO 0.07 27.29 12.39 l.56 2.56 

CaO 12.94 0.11 18.53 0.00 0.00 

Na20 3.26 0.05 0.27 0.00 0.00 

Kp 0.47 0.00 0.02 0.00 0.00 

Total 100.00 100.00 100.00 100.00 100.00 

Note: Silicate end-member compositions are An67Ab300r3' 

FoS7' and W039En36Fszs. 

as the amounts of clinopyroxene fractionation re­
quired are relatively smalI. This is also true with 
minor amounts of oxides required for modeling; 
they were assumed to have compositions similar 
to those measured for a tholeiitic dyke in south­
western Finland by Haapala and Ojanperä 
(l972b, analysis no . 1 in Tables 2 and 3). The 
mineral compositions used in the calculations are 
listed in Table 15 normalized to 100070 total. 

Calculations show that it is impossible to pro­
duce the assumed evolved liquid composition 
from the assumed initial liquid by fractionating 
plagioc1ase alone: the sums of the squares of the 
residuals, ER2, are > 10 for the assemblages 
plagioclase ± magnetite ± ilmenite. Better fits are 
obtained with the observed silicate phenocryst as­
semblage olivine + plagioclase ± magnetite ± ilme­
nite , for which ER2's are> 1.0. However, an ac­
ceptable result also requires c1inopyroxene as a 
fractionating phase. The best fit with the smallest 
ER2 «0.25), is obtained fractionating 35 070 
plagioc1ase, 11 070 olivine, 5.5070 c1inopyroxene, 
2070 magnetite, and 0.5070 ilmenite from the as­
sumed initial liquid with 46 070 residual liquid. The 
result of this approximation is shown in Table 
13 as model I. The composition of the calculat-
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ed initial liquid is c10se to that of the assumed 
initial liquid, except for the alkalies which are 
somewhat higher in the latter. 

The modeling supports a dominant role for 
plagioc1ase in the evolution of the Suomenniemi 
swarm. Because some of the dykes constituting 
the hypothetical initial liquid composition pos­
sibly are slightly cumulus-enriched with respect 
to plagioc1ase (e.g., sampie A1064 with 18.40 
wt 070 Al20 3 contains 56 volOJo plagioc1ase), the 
figure arrived at above for the amount of 
ph'gioc1ase fractionation should be considered a 
maximum. The most primitive dyke (sampie 
133 .::::) with the highest Mg number has lower 
Al20 3 content and higher Si02 content (Table 
13) than the eight sampie average. Using this 
composition as the assumed initial liquid results 
in a fr.lctionate of 31 % plagioc1ase, 12% olivine, 
8.5% cHnopyroxene, 0.1 % magnetite, and 0.4% 
ilmenit..! with 47% residual liquid remaining 
(model 11 in Table 13). The degree of fit is, how­
ever, somewhat poorer (LR2 <0.33) than in 
modell. The assemblages olivine + plagioc1ase ± 
magnetite ± ilmenite yield still poorer fits, with 
LR2'S >2.2. 

The c1osed-system major element fractional 
crystallization modeling requires that (1) 
plagioc1ase had a dominant role in controlling the 
fractionation of the dykes, (2) clinopyroxene, 
along with plagioc1ase and olivine, belongs to the 
fractionating assemblage, although it has not 
been encountered as a phenocryst phase in the 
dykes, and that (3) a relatively lar,ge amount of 
crystallization, about 55%, is needed to yield the 
evolved liquid composition, assuming the frac­
tionation actually took place in a c10sed system. 

The validity of the c1osed-syste:m fractional 
crystallization modeling was tested in an attempt 
to produce the REE pattern of one of the most 
evolved dykes (A1068) from that of one of the 
most primitive dykes (AllOl). In the modeling, 
crystal/liquid distribution coefficients listed in 
Appendix 3 were used. They were compiled from 
various studies of trace element paJrtitioning be­
tween mafic melts (preferably tholeiitic basalt) 

and precipitating mineral phases (Hanski, 1983, 
and references therein) . Using the calculated 
gabbroic assemblage of model I (Table 13) and 
F = 0.46 for c1osed-system FC modeling of REE 
with concentrations far the primitive liquid being 
those measured for the sampie AllOl that has 
the lowest total abundances of REE except Eu 
(LaN=91, (La/ Yb)N= 5.83), ends up with simi­
lar contents of the LREE (LaN = 182) than those 
measured for sampie AI068 (LaN= 177; see Fig. 
53). Closed-system fractional crystallization of 
this assemblage does not , however , produce the 
observed LREE-enrichment: the modeled evolved 
liquid has a (La/ Yb)N ratio of 5.89 while that 
for the sampie A1068 is 6.73. This is also true 
for the model II FC assemblage (Table 13) that 
results in LaN = 179 and (La/ Yb)N = 6.02 at 
F= 0.47 . 

The fact that c1osed-system fractional crystal­
lization modeling does not seem to account for 
the within-swarm LREE-enrichment suggests that 
the fractionation of the dyke magmas took place 
in an open system. This is further suggested by 
Nd isotopic-compositional correlations. 

Nd isotopic-compositional correlations 

The Nd isotopic composition of the diabase 
dykes shows a consistent correlation with the 
chemical composition of the dykes. Generally, 
the higher the Sm and Nd concentrations, the 
lower the 147Sm/ 144Nd ratios, 143Nd/ 144Nd ratios , 
and ENiT) values, and the higher the T DM model 
ages (Table 4). 

Correlations also exist among Nd isotopic 
composition and fractionation indicators. Fig. 54 
shows the ENiT) values of the diabase dykes 
plotted against Mg number and normative 
An/ (An + Ab) ratio as weil as Rb and Zr concen­
trations . For the Suomenniemi swarm, logarith­
mic correlations can be seen, ENd(T) values 
showing positive correlation with Mg number 
(Fig. 54b) and normative An/ (An + Ab) ratio 
(Fig. 54d), and negative correlation with Rb and 
Zr concentrations (Figs. 54a and c). Sampie 



A808a from the Häme swarm deviates from the 
trend of the Suomenniemi data in the Mg nu m­
ber vs. ENd plot (Fig. 54b). This may be due to 
the dyke A808a being rather wide (> 100 m) and 
possibly having been modified by intra-dyke 
differentiation . The diabase from the Lovasjär-
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vi intrusion (A1069) plots on the Mg number vs . 
ENd correlation trend in Fig. 54b and the 
melatroctolite cumulate (Al 129) deviates from it 
considerably. In the Rb and Zr vs . ENd value 
diagrams (Figs. 54a and c) the Lovasjärvi sampIes 
deviate from the dyke sam pIes of the Suomen-

I REE FC and AFC modeling 0/ [he diabase dykes I 
1000 

.e 

.~ 

"C 
c: 
o 
~ 100 o 
::i2 
() 
o 
a:: 

10 

- SampleA1101, (La/Yb)N=5.83 

- - SampleA1068, (La/Yb)N=6.73 

- Closed-system FC: Model I assemblage (65% 
PLAG. 2(YJ/o OL, 11% cpx. 3% MT. 1% ILM), 
F=0.46, (La/Yb)N=5.89 

AFC model 11: FC model I assemblage (65% 
PLAG, 20% OL, 11% CPX. 3% MT. l%ILM), 
F=0.67, r=0.72; (La/Yb)N =7.23 

- AFC model /II: Model /II assemblage (54% 
PLAG, 16% OL, 29"/" CPX. 0.5% MT. 0.5%ILM), 
F=0.62, r=0.67; (La/Yb)N=8.07 

-.. 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Vb Lu 
Fig. 53 . Rare earth element fractional crystallization (FC) and combined assimilation-fractional crystallization (AFC) modeling 
of the Suomenniemi diabase dyke swarm. See text for details. 
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niemi swarm and plot toward lower eNd values 
and element concentrations. 

These isotopic-compositional correlations 
favor open-system processes in the evolution of 
the diabase magmas, as fractional crystallization 
alone is not capable of fractionating radiogenic 
isotopic ratios such as those of Nd. The shift of 
eNd values from positive to negative with declin­
ing Mg number and normative An/(An + Ab) ra­
tio as weIl as increasing incompatible element 
concentrations suggests that incorporation of 
materials with relatively unradiogenic Nd isotopic 
composition and relatively high contents of in­
compatible elements has occurred concomitant­
ly with fractional crystallization. 

Combined assimilation-fractional crystallization 
modeling 

It has been shown by various workers Ce.g., 
Patchett, 1980; Watson, 1982; Farmer & DePao-
10, 1983) that basic magmas intruded into the 
continental crust can be contaminated with 
erustal materials. Two different models of eon­
tamination have been proposed: assimilation in 
intra-erustal magma charnbers in association with 
fraetional erystallization (DePaolo, 1981b) and 
assimilation while flowing through dykes CHup­
pert & Sparks, 1985). The latter is applieable for 
high-temperature mafie magmas Ce.g., komatiites 
and picritic basalts), but is eonsidered of less im-
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Fig. 54. Initial Nd isotopic composition of the diabase dykes and the Lovasjärvi intrusion (Table 4) expressed as E (T) 
values, plotted against their (a) Rb and (c) Zr concentrations, (b) Mg numbers, and (d) normative An/ (An + Ab) r:~ios 
(Appendix 2). Vertical lines indicate analytical errors of the ENd values. Symbols are as in Fig. 24. 



portance for cooler and more viscous basaltic li­
quids (Huppert & Sparks, 1985). 

It is probable that the primitive mantle-derived 
magmas (presumably with a time-integrated 
LREE-depleted character), from which the 
Subjotnian diabases eventually crystallized, were 
subject to contamination. The diabase dykes pro­
vide information on late evolutionary stages of 
these magmas, and it is possible that incorpora­
tion of crustal materials concomitantly with frac­
tional crystallization in the low-pressure crustal 
environment resulted in the intra-swarm varia­
tion in LREE-enrichment (Fig. 53) and variable 
initial Nd isotopic compositions (Fig. 33a) . An 
attempt is made below to assess the validity of 
the latter hypothesis using combined assimilation­
fractional crystallization (AFC) modeling . 

Assimilation occurring concurrently with frac­
tional crystallization was considered a viable 
petrological process by Bowen (1928) who dis­
cussed assimilation of granitic fragments incor­
porated into fractionating basaltic magma, 
driven by the liberation of latent heat of crystal­
lization from the latter. Mathematical formula­
tion of AFC processes involving a magma body 
that is assimilating chamber wallrock at a certain 
rate and simultaneously precipitating crystals at 
a rate that may or may not be equal to the rate 
of assimilation was developed by DePaolo 
(1981b). In recent studies of layered basic intru­
sions (DePaolo, 1985; Stewart & DePaolo, 1990) 
the model has been extended to take into account 
such processes as magma replenishment and ex­
trusion as weil. According to DePaolo (1981 b), 
the concentration of element m, Crn , in a frac­
tionating and assimilating magma is described by 
the equation 

(9) Cm=C:;' [F-' + (_f_)~ (I-F-,)l 
f-I zC:;' J 

for r values not equal to one, where C~ is the 
initial concentration of element m in the magma, 
F is the amount of residual liquid remaining, r 
is the ratio of mass assimilation rate (Ma) to 
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the fractional crystallization rate (Me)' Z is 
given by z = (r + D-l)/ (r-l) where D is the bulk 
D-value of element m in the magma, and Ca is 
the concentration of element m in the assimilant. 
The relative amount of assimilant, Ma, to the 
mass of the original magma, M~ , is given by 

(10) Ma =M:;' {~) (F-I) \r-I 
(cL Farmer & DePaolo, 1983). 

AFC evolution paths differ from simple 
closed-system fractional crystallization paths par­
ticularly for elements that have bulk D-values 
much smaller than one, i.e. the strongly incom­
patible elements. These are enriched in the resi­
dual magma more effectively by AFC processes 
than by fractional crystallization alone. This 
applies to the REE in basaltic magmas. 

To model changes in the isotopic composition 
of radio genie elements in magmas evolving by 
AFC processes, DePaolo (198Ib) showed that, 
for r values not equal to one, the resulting iso­
topic ratio Ern of an assimilating and crystal­
lizing magma can be writen as 

where E~ is the initial isotopic ratio of the 
magma and Ea is the isotopic ratio in the 
assimilant . 

The Subjotnian diabase dykes were emplaced 
in an environment in which large volumes of 
silicic magmas were produced within the con­
tinental crust that the dyke magmas penetrated. 
Such partially molten crust is expected to be an 
effective density barrier for basic melts (e.g ., 
Perry et al. , 1987; Huppert & Sparks, 1988). 
Besides rendering the passage of the basic melts 
through the crust slower, it also provides a high­
temperature environment in which contamination 
of the basic melts by crustal materials is more 
likely than if they were intruded into cooler non­
anatectic crust. 
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Fig. 55 . eNd vs . Nd concentration of the diabase dykes of the Suomenniemi (diamonds) and Häme (squares) swarms and 
curves (solid lines) denoting possible shifts in eNd and Nd content at r values of 0.2,0.4,0.7, and 0.9 for a hypothetical 
initial diabase magma (eNd = + 0.8, Nd = 30 ppm) undergoing concomitant fractional crystallization of a gabbro assemblage 
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29% clinopyroxene, 0.5% magnetit<: , 0.5% ilmenite) and assimilation of (a) average rapakivi granite (eNd = -1.5, 
Nd = lOOppm) and (b and c) average tipper continental crust (eNd = -3.6, Nd = 26 ppm). Closed-system fractional crystaJli­
zation paths (dashed) and simple mixing lines (dotted) between the end-member compositions are shown as weil. Tick marks 
along the paths denote fractions of n:sidual liquid remaining (F). 



To model open-system evolution of the diabase 
dyke magmas, an intra-crustal magma chamber 
was assumed in which the basaltic magma frac­
tionates and incorporates materials from the 
chamber wall rocks or anatectic melts. The in­
dividual diabase dykes are assumed to sampIe this 
evolving chamber at different stages of its evo­
lution. This is considered justified as tholeiitic 
magmas are expected to be little modified by con­
tarnination and/ or fractionation during flowage 
through dykes (Huppert & Sparks, 1985). More­
over, such a model of magma evolution in an in­
tra-crustal chamber(s) is consistent with the over­
all low-pressure major element signature of the 
diabase dykes (Figs . 25 and 50). One may argue 
about the validity of assuming a single intra­
crustal magma chamber for the diabase dykes of 
the Suomenniemi swarm that are exposed over 
an area of more than 500 km2• The model, how­
ever, is probably applicable for one or more 
discrete intra-crustal reservoirs in wh ich the mag­
mas evolve by similar processes (low-pressure 
fractionation, assimilation of grossly similar 
crustal compositions) . 

Because the Svecofennian crust was loaded 
with anatectic rapakivi granite magma at the 
time of emplacement of the diabase dykes, it was 
first considered whether such felsic melts could 
have acted as the contaminant during the low­
pressure fractionation of the diabase magmas. 
The rapakivi granites and associated silicic dyke 
rocks analysed in the present study have high con­
tents of Nd and other LREE, and the magmas 
from which they crystallized most probably had 
these characteristics too. The average Nd abun­
dance measured for the felsic rocks is 99 ppm and 
the average initial eNd value of the silicic rocks 
and alkali-feldspar syenites of the Suomenniemi 
complex is -1.54 (cf. Table 3). 

To determine whether or not a melt with such 
characteristics (Nd = 100 ppm, e Nd = -1.5) could 
have been a contaminant responsible for the 
variation in the initial Nd isotopic composition 
measured for the Suomenniemi swarm, AFC 
model I (Fig. 55a) was devised. The initial dia­
base magma was assumed to have a Nd content 
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of 30 ppm, and, because the highest measured 
eNd value, + 1.6 ± 1.0, has a rather large error 
on it, an eNd value of + 0.8 (i .e., the average of 
the three positive e Nd values) was used . The 
plagioclase-dominated gabbro assemblage of the 
closed-system FC modeling (with a bulk D-value 
of 0.080 for Nd) was used as the fractionate; this 
is considered justified as a first approximation 
because the observed compatible trace element 
variations are consistent with such an assem­
blage, and because the bulk D-value of Nd is ac­
tually rather insensitive to modest variations in 
the relative proportions of the precipitating sili­
cate phases. 

As can be seen from Fig. 55a, AFC processes 
with a contaminant such as the average rapakivi 
granite cannot account for the measured data 
pattern, i.e. the shift in the initial Nd isotopic 
composition from slightly positive (ca. + 1) to 
slightly negative (ca. -1). This is due largely to 
the relatively high average e Nd value (-1 .5) of the 
rapakivi granites . It should also be noted that 
although the simple mixing curve in Fig. 55a fits 
the measured data weIl, major element con­
straints render such mixing unlikely. Assuming 
simple mixing, the most evolved diabase dykes 
are ca. 4:6 mixtures of the initial diabase mag­
ma and the average rapakivi granite. With Si02 

contents of 49070 and 73070, respectively, this mix­
tu re would have a Si02 content of 63.4070 which 
is clearly too high a figure for the evolved dykes 
(cf. Table 13). 

Because assimilation of the average rapakivi 
granite, thought to indicate the average eNd 

value of the lower parts of the Svecofennian 
crust, can not explain the changes in the initial 
Nd isotopic composition of the Suomenniemi 
swarm, a model upper crustal contaminant with 
a slightly lower e Nd value was considered next. It 
has been suggested (e.g . , Taylor & McLennan, 
1985) that fine grained clastic sediments (shales) 
represent the average composition of the upper 
continental crust, at least regarding those ele­
ments (e.g., the REE) that are not much fractio­
nated du ring sedimentary processes. Taylor and 
McLennan (1985, p. 46) provide an average 
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Table 16. Major element abundances (in wt%) and selected 
trace element abundances (in ppm) suggested for average upper 
continental crust by Taylor and McLennan (1985, p. 46). 

Si02 66.0 Zr 190 Nd 26 

Ti02 0.5 Nb 25 Sm 4.5 

Al20 3 15.2 Rb 112 Eu 0.88 

FeO 4.5 Th 10.7 Tb 0.64 

MnO 0.08 U 2.8 Yb 2.2 

MgO 2.2 Sr 350 Lu 0.32 

CaO 4.2 Cr 35 Ba 550 

NazO 3.9 Ni 20 Hf 5.8 

KzO 3.4 La 30 Ce 64 

Chondrite-normalized La/Yb ratio 9.2 

upper crustal composition, the essentials of which 
are shown in Table 16_ Nd iSOlOpic data on 
Svecofennian elastic metasedimentary rocks that 
could represent estimates of average Svecofen­
nian upper crust, are few. Huhma (1987) pub­
lished Nd data on four metagreywackes and an 
interbedded intermediate metavolc:anite from the 
Tampere schist belt in central Finland. These 
supracrustal rocks are enriched in the LREE 
showing Sm/ Nd ratios around 0.18. This is elose 
to the Sm/Nd = 0.173 estimated for the upper 
conti ne nt al crust by Taylor and McLennan 
(1985). The average Nd concen ration of the 
sampies analyzed by Huhma (1987) is 32 ppm, 
while that for the global average of Taylor and 
McLennan (1985) is 26 ppm. 

The initial (1.9 Ga) ENd values of the 
supracrustal rocks of the Tampere area average 
-0.9 (Huhma, 1987). This is similar to the ENd 
values of many Svecofennian synorogenie grani­
toid rocks (Huhma, 1986; Patchett & Kouvo, 
1986). Unpublished data on Svecofennian 
sedimentary rocks indicate generally somewhat 
lower ENd values than the data from the Tam­
pere schist belt (H . Huhma, pers . commun., 
1990). Calculated at 1.64 Ga, the supracrustal 
rocks of the Tampere area have ENd values rang­
ing from -3.1 to -4.0 and averaging -3.6, which 
is lower than the rapakivi average by about two 
units (the lowest ENd value measured for the 

Suomenniemi complex is -2.9 ± 0.4, though). 
Using the ENd value -3.6 of the Finnish 
supracrustal rocks and a Nd concentration of 26 
ppm estimated for the average upper continen­
tal crust by Taylor and McLennan (1985) as the 
assimilant, the AFC model II shown in Fig. 55b 
was generated . The overall trend measured for 
the Suomeniemi swarm is produced with r = 0.72 
at F=0.67 which yield ENd =-1.l2 and 
Nd = 70.93 ppm . The r value (assimilation ratel 
crystallization rate) of 0.72 is relatively large, but 
probably realistic in a crust with elevated tem­
peratures, locally even elose to its fusion tem­
perature (cf. DePaolo, 1981 b; Wittke et al. , 
1989). The amount of crystallization required by 
the AFC model II, F = 0.67, is distinctly smaller 
than that predicted by the elosed-system FC 
modeling (Table 13). 

The (La/ Yb)N ratio of the model upper con­
tinental crust of Taylor and McLennan (1985) is 
9.2 (Table 16). This is elearly higher than the 
(La/ Yb)N ratios of the two extreme patterns of 
the diabase dykes (i .e., 5.83 and 6.73). Using the 
AFC constraints above (F = 0.67, r = 0.72) and 
the Taylor and McLennan (1985) average REE 
pattern for the upper continental crust for the 
assimilant results in the AFC model II shown in 
Fig. 53. The modeled REE pattern exhibits some­
what higher absolute element concentrations than 
the pattern of the evolved sampie A1068 (except 
for Nd and Sm whieh are about the same), and 
a deeper Eu minimum. However , the (La/Yb)N 
ratio, 7.23 , is now distinctly high er than in the 
elosed-system fractionation modeling. 

The AFC modeling outlined here is obviously 
sensitive to the values chosen for the element con­
centrations in the assimilant. Nevertheless, it 
shows that such within-swarm LREE-enrichment 
as observed in the Suomenniemi diabases can 
probably be produced by an AFC process with 
an average upper crustal composition as the 
assimilant. More importantly, it also allows for 
the observed shift in the initial Nd isotopie com­
position of the dykes. 



Major element constraints on assimilation 

For the AFC model 11 outlined above (r = 0.72, 
F = 0.67), the mass of the assimilant relative to 
the mass of the assumed initial magma is calcu­
lated from equation (10) to be 0.85. This means 
that with the average upper crustal composition 
(66.00 wtOJo Si02) listed in column C in Table 
17, assimilation alone would shift the assumed 
initial basaltic magma composition A (49.14 wtOJo 
Si02) to an andesite D (56.89 wtOJo Si02); more­
over, the Si02 content of the final AFC product 
would be even higher due to the fractionation of 
a gabbro assemblage. 

It is c1ear that bulk contamination of the dia­
base magmas with the average upper crustal con­
taminant is not a feasible solution. Instead, 
assimilation of only the most easily-fusible (i.e. 
the most incompatible) elements from such a 
source may have occurred . Such selective assimi­
lation processes have been experimentally studied 
by Watson (1982) who modeled basalt contami­
nation by continental crust conc1uding that selec­
tive incorporation of REE and other highly­
charged trace cations into basaltic melts is likely 
under conditions of basalt-induced crustal melt­
ing (see also Patchett, 1980). As the continental 
crust is enriched for example in the LREE and 
such elements as Th and U relative to the mantle, 
these elements would be enriched in contami­
nated mantle-derived mafic melts . 

In order to more quantitatively assess possible 
assimilation processes in the diabase dyke mag­
mas it is instructive to consider the major element 
effects of the AFC model 11 outlined above. Con­
sidering only fractional crystallization, fractio­
nation of the mineral assemblage ca1culated in 
the FC modeling (model I, Table 13) results, at 
F = 0.67, in the composition in column E in Table 
17. Comparing the composition E with the pro­
posed assimilant C and the assumed evolved liq­
uid B shows that it is impossible to produce the 
high Ti02 (3.21 wt OJo) and FeO (14.21 wtOJo) 
contents of B from E by assimilation of C that 
has only 0.50 wtOJo Ti02 and 4.50 wt OJo FeO. 
Ti02 and FeO are refractory components in the 
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continental crust (i.e. , they are not expected to 
enter in substantial amounts into partial melts of 
a felsic crust), and thus fractional crystallization 
is required to produce the total enrichment of 
these elements from the assumed initial liquid 
composition A to the assumed evolved liquid 
composition B. This is probably also true with 
MgO and CaO that are refractory constituents 
as weIl. Qualitatively, these observations indicate 
larger relative amount of c1inopyroxene fractio­
nation and smaller relative amount of Fe-Ti­
oxide precipitation than that suggested by the 
c1osed-system FC modeling. Column G in Table 
17 shows a composition that is roughly com­
patible with the requirement that the Ti02, FeO, 
MgO, and CaO contents in the evolved liquid B 
are developed from A by fractional crystalliza­
tion alone. The composition G is produced from 
A by fractionating 54OJo plagioc1ase, 16OJo olivine, 
29OJo c1inopyroxene, 0.5OJo magnetite, and 0.5OJo 
ilmenite at F = 0.62. This model 111 assemblage 
has a bulk D-value of 0.109 for Nd, wh ich is 
somewhat larger than the 0.080 of the c1osed-sys­
tem FC model I assemblage. Using this larger 
bulk D-value for ENd vs. Nd AFC modeling 
results in the AFC model 111 paths shown in Fig. 
55c. These are not much different from the paths 
in Fig. 55b; at F=0.62 and r=0.67, ENd =-1.04 
is fixed for Nd = 71.06 ppm. The REE pattern 
produced by the AFC model 111 is also c10se to 
the pattern resulting from the AFC model 11, 
showing, however, slightly stronger enrichment 
in the LREE (Fig. 53). 

To change the Si02 abundance of composi­
tion G (49.94 wtOJo) to the evolved liquid Si02 

content of composition B (53.50 wtOJo) by simple 
mixing of G with composition C (66.00 wtOJo 
Si02) would mean 22OJo contamination of the 
basaltic magma with the upper crust composi­
tion. In order to keep the model self-consistent, 
however, the relative proportions of Al20 3 and 
Na20 in the contaminant must be assumed 
smaller than in the average crustal composition 
of Taylor and McLennan (1985) . This in turn 
would probably me an larger relative proportion 
of Si02 in the contaminant and hence a compo-



Table 17. Hypothetical major element variat ions introduced by assimilation and fractional crystallization processes in the diabase magmas of the Suomenniemi swarm. See text for details. 

A B C 

Assumed Assumed Crustal assim ilant 

initial liquid cvolved liquid (Upper crust of Taylor & 

McLennan, 1985) 

SiOz 49.14 53.50 66.00 

TiOz 2.23 3.2 1 0.50 

Alz03 17.29 13.66 15.20 

FeO
c 

12.97 14.21 4.50 

MnO 0. 19 0.18 0.08 

MgO 5.()G 2.95 2.20 

CaO 8.5:> 6.34 4.20 

NazO 2.75 2.43 3.90 

KzO U5 2.34 3.40 

PzOs 0.50 1.18 

Note: Thc analyses wcre normalized to 100% total for the modcling. 

o 

Product of bulk assimilation 

of C by A with r =O.72 at 

F =0.67 

56.89 

1.43 

16.33 

9.08 

0.14 

3.75 

6.54 

3.28 

2.29 

0.27 

E 

Product of fractional crystallization of 

FC model I gabbro assemblage" 

from A at F =0.67 

50.62 

2.65 

15.68 

13.48 

0.21 

4.14 

7.58 

3.03 

1.86 

0.74 

" Fe model I assemhlage: 65% plagioclase, 20% olivine, 11 % dinopyroxene, 3% magnetite, and 1 % ilmenite. 

b ModellIl assemblage: 54% plagioclase, 16% olivine, 29% clinopyroxcne, 0.5% magnetite, and 0.5% ilmenite. 

C Total Fe rcportcd as FcO. 

G 

Product of fractional crystallization of 

model III gabbro assemblageb 

(indudes larger proportion of 

dinopyroxene and less oxides than 

FC model I) from A at F =0.62 

49.94 

3.11 

17.14 

14.07 

0.20 

3.25 

6. 18 

3.30 

2.01 

0.80 

N 
N 

l 



sition approaching that of a mInImum melt 
extracted from a quartz-feldspathic source. 

Trace element variations 

Fig. 56 shows the contents of various incom­
patible trace elements measured for the dykes of 
the Suomenniemi swarm plotted against their Zr 
contents. Each plot shows one of the closed-sys­
tem FC models (model I assemblage, end at 
F = 0.46, Table 13) and two AFC models: AFC 
model II (FC model I assemblage, r = 0.72, end 
at F = 0.67) and AFC model III (model III assem­
blage listed in Table 17, r = 0.67, end at F = 0.62). 
All the plots suggest that closed-system fractional 
crystallization (indicated by the stippled paths) 
cannot account for the measured incompatible 
element variations. The F = 0.46 required by the 
FC modeling results in paths that span only a half 
(Figs. 56a, c, and d) or about two-thirds (Figs. 
56e, f, and g) of the compositional trends, or are 
offset from the observed data (Figs. 56b and h). 
In contrast, the two AFC models produce paths 
that are consistent with the measured data. The 
Ba vs. Zr, Hf vs. Zr, La vs. Zr, and Yb vs. Zr 
plots (Figs. 56a, c, e, and g) show that combined 
assimilation-fractional crystallization with ele­
ment concentrations in the assimilant such as 
those of Taylor and McLennan (1985) model 
upper crust produces the observed trends at the 
required stages of fractionation (dashed and 
solid paths). The trends in the Th vs. Zr, U vs. 
Zr, Rb vs. Zr, and Nb vs. Zr plots (Figs. 56b, 
d, f, and h) require an assimilant with concen­
trations 1/ 4 to 1/2 times those in the model upper 
crust (thick solid paths). 

The trace element variations are compatible 
with assimilation of upper crustal materials in 
which, when normalized against Zr, the REE, 
Ba, and Hf are most readily ente red into the as­
similating magma and in which 1/ 4 to 1/2 of the 
concentrations of Th, U, Nb, and Rb in the 
model upper crust are required to construct the 
best-fit AFC paths. An important point to note 
is that the data also require assimilation of Zr 
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and Hf. Zr and Hf are usually considered refrac­
tory components du ring crustal contamination, 
i.e. they are expected to remain largely in residual 
zircon during partial melting of the crust (cf. 
Thirlwall & Jones, 1983). The suggested incor­
poration of extra crustally derived Zr and Hf in 
the mafic magmas probably reflects the high 
overall temperature of the melt-Ioaded Svecofen­
nian crust during the Subjotnian time. 

Compatible trace element vs. Zr variation 
diagrams for the Suomenniemi swarm are shown 
in Fig. 57. The data are scattered (largely due to 
variable Zr), but it is clear that the closed­
system FC model fails to produce the overall 
measured trends. The FC paths (stippled) in the 
Sr vs. Zr and Cr vs. Zr plots (Figs. 57a and b) 
follow roughly the observed data, but the degree 
of fractionation (0.46) is much too small to fit 
the whole data ranges which would require a F 
value of about 0.3. The latter is also true regard· 
ing the Ni vs. Zr plot (Fig. 57c), which also 
shows that the bulk D-value of the FC model I 
assemblage for Ni (3.81) is clearly too large. The 
AFC model II (dashed path) reproduces almost 
the whole data range in the Sr vs. Zr plot (Fig. 
57a), while the AFC model III (solid line) gives 
a trend with too small a slope. However, assum­
ing a smaller concentration, 250 ppm, for Sr in 
the assimilant produces an AFC model III (thick 
solid path) consistent with the observed data. In 
the Cr vs. Zr plot (Fig. 57b) AFC model 11 
(dashed path) is roughly consistent with the 
measured data, while the AFC model III fails to 
produce an acceptable path, as the melt is too 
rapidly depleted in Cr. In the Ni vs. Zr plot (Fig. 
57c) both AFC models are inconsistent with the 
measured data: Ni declines much too rapidly in 
the modeled melts. 

Ni and Cr are trace elements that are largely 
concentrated in refractory minerals (e.g., olivine, 
pyroxene, and spine!) that are not abundant con­
stituents of the average continental crust. It is 
thus probable that little Cr and Ni is incorporated 
into anatectic melts extracted from a typical con­
tinental crust, and therefore also into basic melts 
assimilating such a source. This also seems to be 
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Fig. 56. Incompatible trace element contents in the diabase dykes of the Suomenniemi swarm (diamonds; Appendix 2) plotted 
in (a) Ba vs. Zr, (b) Th vs. Zr, (c) Hf vs. Zr, (d) U vs. Zr, (e) La vs. Zr, (f) Rb vs. Zr, (g) Yb vs . Zr, and (h) Nb vs. Zr 
variation diagrams. Each plot shows evolutionary paths for c1osed-system fractional crystallization of FC model I (Table 
13) gabbro assemblage (dotted Iines), as weil as combined assimilation-fractional crystallization paths with FC model I 
assemblage (AFC model 11, dashed Iines) and model III (Table 17) assemblage (AFC model III , solid Iines) assuming element 
abundances in the assimilant as those Iisted in Table 16. (b), (d), (f), and (h) also show AFC model III paths with assimilant 
concentrations less than those shown in Table 16, Le. Th = 5 ppm, U = 0.9 ppm, Rb = 30 ppm, and Nb = 6 ppm (thick solid 
Iines). Tick marks along the paths denot(' fractions of residual liquid remaining (F). Termination points for AFC model 
111 are shown. Bulk D-values for the model III assemblage (54010 plagioclase, 16% olivine, 29% clinopyroxene, 0.5% magnetite, 
0.5% ilmenite) are: Ba 0.151, Th 0.016, Hf 0.040, U 0.018, La 0.094, Rb 0.029, Yb 0.209, Nb 0.045, and Zr 0.038. 



125 

500 • 

• Sr (ppm) 

450 (/40 PP'" Zr, 425 PP'" Sr) 

\-" • 
400 

350 • 0.' 

• 300 • 
a) 0.' 

90 

• er (ppm) 
70 

( /40 ppm Zr, 60 ppm er) 
\.--. 

• • 50 • • 
30 

10 
b) 

0 .7 
0.' 

50 

(/40 ppm Zr, 50 ppm Ni) 
\.. Ni (ppm) • 

• 
40 

• 
30 • 
20 

10 

100 150 200 250 300 350 400 450 500 

Zr (ppm) 
Fig . 57 . Compatible traee element contents in the diabase dykes of the Suomenniemi swarm (diamonds; Appendix 2) plotted 
in (a) Sr vs. Zr, (b) Cr vs. Zr, and (e) Ni vs. Zr variation diagrams. Eaeh plot shows evolutionary paths for closed-system 
fraetional erystallization of FC model I (Table 13) gabbro assemblage (dotted lines), as weil as eombined assimilation-fraetional 
erystallization paths with FC modell assemblage (A.E'C model II, dashed lines) and model III (Table 17) assemblage (AFC 
model III, solid lines) assuming element abundanees in the assimilant as those Iisted in Table 16. (a) also shows an AFC 
model 1Jl path with assimilant Sr eoneentration less than that in Table 16, i.e. 250 ppm (thiek solid line). In (b) and (e) 
the thiek solid lines indieate eomposite evolution paths ealculated assuming closed-system fraetional erystallization (model 
III assemblage) for (b) Cr and (e) Ni and eombined assimilation-fraetional erystallization (model III assemblage) for Zr. 
Tick marks along the paths denote fraetions of residual liquid remaining (F) . Termination points for model III are shown. 
Bulk D-values for the model III assemblage are: Sr 1.10, Cr 3.24, Ni 3.24, and Zr 0.038. 



126 Geological Survey of Finland. Bulletin 355 

the case for the diabase dykes of the Suomennie­
mi swarm, as the observed trends in the Cr vs. 
Zr and Ni vs. Zr plots (Figs. 57b and c) are 
produced assuming dosed-system fractional crys­
tallization (model III assemblage, F = 0.62) for 
Ni and Cr and AFC model III (model III assem­
blage, F = 0.62) for Zr (thick solid paths in Figs. 
57b and c). These composite evolutionary paths 
would show somewhat deeper slopes if the dilu­
tion effect due to the open-system evolution was 
taken into account, but would, however, pro­
bably still be consistent with the measured data. 
20% dilution of the basic magma, for instance, 
would lower the Cr and Ni contents in the 
modeled melts by about 4 ppm at F = 0.62. 

In condusion, the models show that the evo­
lution of the basaltic magma(s) from which the 

diabase dykes of the Suomenniemi swarm crys­
tallized most probably took place in an open sys­
tem. The magma evolution can be assessed by 
standard AFC modeling (DePaolo , 1981b). The 
proposed rate of assimilation (assimilation rate 
relative to crystallization rate of 0.67) is large 
enough to render the bulk assimilation of the 
average upper crust composition (Taylor & 
McLennan, 1985) impossible. Nevertheless, the 
measured trace element and Nd isotopic trends 
can be produced by incorporation of the more 
incompatible constituents from the model upper 
crust composition concurrently with fractiona­
ti on of a plagiodase-rich gabbro assemblage in 
which the amount of dinopyroxene exceeds that 
of olivine. 

Model for tlrle origin of uranogenic Pb in the diabases 

The Pb isotopic systematics of the diabase 
dykes are consistent with a major incorporation 
of crustal Pb into the mafic magmas. In Fig. 58, 
a model for the origin of the uranogenic Pb in 
the Subjotnian diabases is presented. The scheme 
is based on the two-stage Pb evolution model 
proposed for the Svecofennian crust by Huhma 
(1986) . Huhma (1986) based his model on the 
data of Vaasjoki (1981) who analysed the Pb iso­
topic composition of galenas from various 
Svecofennian formations, ending up with an 
»orogenic trend» shown in Fig. 58. The trend was 
explained by Huhma (1986) as a mixing line be­
tween an Archean high V/ Pb upper crustal 
source and a low V/ Pb depleted mantle source, 
with some contribution probably also from low 
V/ Pb Archean lower crustal sourees. According 
to Huhma (1986), these sources had differen­
tiated from the mantle about 3.0 Ga ago, when 
the system had a Pb isotopic composition of 
206Pbj204Pb = 12.9 and 207Pbj204Pb = 14.34. In 
this model, mantle evolution since 3.0 Ga was 
characterized by a low overall U / Pb ratio 
(206Pb/ 204Pb ca. 14.8 at 1.9 Ga, corresponding to 

a J.l2 value of 7.6 between 3.0 and 1.9 Ga). The 
present-day Pb isotopic composition of this 
model mantle source is substantially less radio­
genic than the Pb isotopic ratios measured for 
present-day mid-ocean ridge basalts (cf. Church & 

Tatsumoto, 1975; Sun, 1980), and it also plots 
very dose to the Geochron (Fig. 57). 

According to the model presented in Fig. 58, 
the isotopic composition of uranogenic Pb in the 
Subjotnian mafic rocks (initial model 206Pb/ 
204Pb = 15.802, calculated using the J.l2 value 9.58 
of the less radiogenic plagiodase sampie A1063) 
is derived by mixing a melt from the mantle 
(J.l2=7.6, 206Pb / 204Pb= 15.202 at 1.64 Ga) and 
average Svecofennian crust (J.l2 = 9.94, 206Pb/ 
204Pb= 15.911 at 1.64 Ga) in the proportion 4:1. 
This is obtained by inserting the appropriate 
206Pbj204Pb ratios in equation (7) and assuming 
a concentration ratio of 1 :20 for the Pb concen­
trations in the mantle-derived melt and crust, 
respectively (cf. Sun, 1980; Weaver and Tarney, 
1980; Taylor & McLennan, 1985; Zartman & 
Haines, 1988). The process led to almost com­
plete obliteration of the original lead isotopic 



composition of the mantle magmas and the age 
of the secondary isochron probably gives the date 
of the final homogenization of the isotope ratios 
of the crustal Pb that took place during the 
Svecokarelian orogeny. 

The model requires that in the orogenie 
Svecofennian crust U/ Pb fractionation at about 
1.9 Ga had generated various subsystems with 
specific U/ Pb ratios , and that these subsystems 
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were subsequently sampled by the Subjotnian 
diabase magmas during the contamination 
processes. The preservation of the approximate 
age of the orogeny (i.e. the secondary 1854 ± 65 
Ma isochron) requires that the contamination 
event at 1640 Ma did not result in any substan­
tial U/ Pb fractionation, because otherwise the 
isochronous relationship of the individual 
sampIes would have been destroyed. This implies, 
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in the diabase dykes and 
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[the Lovasjärvi intrusion 
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Fig. 58 . 207Pb/ 204Pb vs. 206Pb/ 204Pb diagram illustrating the origin of uranogenic Pb in the diabase dykes and the Lovas­
järvi intrusion . The sources of Pb are the Outokumpu-type mantle (M) and the juvenile 1.9 Ga Svecofennian crust (C) . 
The mantle-derived diabase magmas have incorporated a considerable amount of crustal Pb resulting in obliteration of 
their original isotopic composition . Marked in the figure is the mixing line (»orogenie trend») for Svecofennian leads (cf. 
Vaasjoki, 1981; Huhma, 1986) , growth curves for Archean high V/ Pb upper crust and low V/ Pb mantle (Huhma, 1986), 
average growth curve for the Svecofennian crust (approximated by the average 1-12 value, 9.94, of the Pb in the galenas 
from Svecofennian supracrustal rocks and the central Finnish batholith area; Vaasjoki , 1981), second-stage 1500 and 
1900 Ma model isochrons, and the 4.57 Ga Geochron calculated from the Canyon Diabio primordial Pb (Tatsumoto 
et al ., 1973). The model is constructed according to the two-stage evolution model of Huhma (1986), with the second 
stage commencing 3.0 Ga aga at 206Pb / 204Pb = 12.9 and 207Pb/ 206Pb = 14.34. Sampies are as in Fig . 35a. 
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for example, that no major mineral phases sig­
nificantly fractionating the VI Pb ratio were in­
volved in the evolution of the diabase magmas 
after the commencement of the contamination 
processes. This is consistent with the proposed 

gabbroic fractionation assemblage (plagioclase, 
clinopyroxene, and olivine all have D-values for 
V and Pb less than 1; cf. e.g. Larsen, 1979; 
Kogarko et al., 1980; Dostal et al., 1976, 1983; 
McKay & Weill, 1976). 

Diabase wh oie rock V-Pb errorchrons 

V-Pb whole rock isotopic systems are not fre­
quently utilized to date magmatic events. This is 
mainly due to the fact that V is a mobile element 
under oxidizing conditions and rock sampies that 
have been exposed to chemical weathering nor­
maHy loose a fraction of their lf, which leads to 
destruction of their V-Pb isotopic systems 
(Faure, 1986). Nevertheless, it turns out that the 
Subjotnian diabase dykes can be dated and some 
aspects of the evolution of the diabase magmas 
evaluated using isotopic V-Pb whole rock data. 

The V-Pb whole rock data of the Subjotnian 
diabases are shown in 206Pb,l204Pb vs . 238VI 
204Pb and 207Pbj204Pb vs. 235V1204Pb diagrams in 
Fig. 59. A linear trend with an age of 1516±73 
Ma can be fitted to the data in the 206Pbj204Pb 
vs. 238Vj204Pb diagram (Fig. 59a). Sampies 
AI047, A1069, and AI 102 that show elevated 
Fe3+ IFe2+ ratios (Appendix 2) plot distincly to 
the left of the calculated trend and have obviously 
been affected by V-loss during weathering. These 
were omitted from the calculation, as was sampie 
A1118 which was probably am!cted by earlier V­
gain. The data regression for the 207Pb/ 204Pb vs. 
235Vj204Pb diagram (Fig. 59b) was performed 
likewise. The age of the 207Pbj204Pb vs. 
235Vj204Pb trend, 1669 ± 56 Mat , differs substan­
tiaHy from the age of the 206Pb/ 204Pb vs. 238VI 
204Pb trend, and is close to what is considered to 
be the true crystaHization age of the Subjotnian 
diabases of southeastern Finland, determined 
from zircons and baddeleyites to range from i665 
to 1635 Ma (Vaasjoki et al. , 1991). 

How can these different dates be explained? 
The conditions that a rock suite must fulfill in 
order to be reliably dated by whole rock parent­
daughter type isotopic methods are (1) that all 
the rock sam pies analyzed are of the same age, 
(2) that they had the same initial isotopic com­
position, and (3) that they remained as closed sys­
tems after crystallization. There is no obvious 
reason why the Subjotnian data would not ful­
fill the first condition. Even if the analysed 
sam pies spanned the entire 30 Ma time interval 
discovered for the emplacement of the Sub­
jotnian diabase dykes in southeastern Finland 
(Vaasjoki et al., 1991), it would not have any 
substantial effect on the V-Pb whole rock data 
(V decay during 30 Ma would result in a change 
in the isotopic ratios that, at maximum, would 
be of the order of the analytical accurracy for the 
206Pb/ 204Pb ratios and about 1/4 times the 
analytical accuracy for the 207Pb/ 204Pb ratios). 
Condition (3) is largely fulfilled by omitting the 
sampies with clearly disturbed V / Pb systematics 
from the calculations. The Pb evolution model 
(Fig. 58) suggests that the analysed dyke sam pies 
had variable initial Pb isotopic ratios and that 
relative variation in the 206Pbj204Pb ratio of the 
dyke magmas was higher than that in the 
207Pbj204Pb ratio. These variable inital Pb iso­
topic ratios (condition 2) are probably one reason 
for the discrepancy in the ages of the two linear 
trends in Fig. 59, with the 206Pb/ 204Pb vs . 238V I 
204Pb system being more affected by incorpora­
tion of extra crustal Pb into the mafic magmas . 
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Fig. 59. Whole-rock U-Pb isotopic data (Table 7) of the diabase dykes and the Lovasjärvi intrusion 
plotted in (a) 206Pb/ 204Pb vs. 238U/204Pb and (b) 207Pb/204Pb vs. 2JSU/204Pb diagrams. SampIes show­
ing recent U-Ioss are enclosed . 
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Origin of the gabbroic and anorthositic rocks 

1'Id isotopic constraints 

The general compositional trend of the 
gabbroic and anorthositic rocks shown in the Mg 
number VS. normative An/(An + Ab) ratio dia­
gram (Fig. 30) can be attributed to fractionation 
of plagioclase and a mafic phase (cf. Wiehe, 
1990), but the limited data avai able precludes 
detailed evaluation of the cry::;taLlization history 
of these basic rocks in :his context. Because com­
positional-isotopic correlations, indicative of 
open-system magmatic processes, were found for 
the diabase dykcs, it was considered reasonable 
to study wh ether the initial Nd isotopic compo­
sition of the gabbroic and anorthositic rocks vary 
in a similar manner with the bulk composition 
of the sampies. Most of the gabbroic and anor­
thositic rocks analysed in the present study are 
probably cumulatcs and as such do not represent 
liquid compositions. Combined with fractiona­
tion indicators the trace element contents of these 
rocks should, however , give some indication of 
the evolution of the magmas from which the 
rocks were crystallized. 

In Fig. 60, the Rb and Zr concentrations as 
weil as Mg numbers and normative An/(An + 
Ab) ratios of the analysed gahbroic and anortho­
sitic rocks are plotted against their eNd values. In 
the Rb vs. eNd plot (Fig. 60a) the sam pies show. 
excluding the Väärälampi data, a negative corre­
lation; the sampies of the Väärälarnpi body differ 
from the other sam pies in having distinctly high er 
cOllcentrations of Rb. In the Zr vs. eNd plot 
(pi!;. 6Oc) there is no such difference between t!1e 
Väärälampi lmd the other plutons, and the 
sampies show an overall negative correlation. The 
variation of initial Nd isotopic cOlnposition with 
the fractionation indicators (Figs. 60b and d) 
establish slight positive correlations. 

A distinctive feature of the Nd data on the 
gabbroic and anorthositic rocks is that all 
sampies except one (i.e., the olivine gabbro 
AIIlO) show negative eNd(T) values. The 

sampies from the ca. 1640 Ma old plutons of 
southeastern Finland (Ahvenisto, Väärälampi, 
Ylijärvi) exhibit slig:1tly negative ENd(T) values 
ranging üom -0.1 to -0.6 (excluding the sampie 
AlllO that has ENiT) value of + 0.8 ± 0.4), while 
the sampies [rom the 60 to 70 Ma younger intru­
sions of southwestern Finland show, on the 
average, more negative eNiT) values (-0.6 and 
-1. 7). If tbe Nd isotopic composition of the 
gabbroic and anorthositic rocks represents source 
compJsitions in the subcontinental mantle, it 
means that the gabbroic and anorthositic rocks 
of southeastern Finland were derived from an 
approximately chondritk source, and those of 
southwestern Finland from a source more 
enriched in the LREE. This would imply that 
upper mantle domains with different time-in­
tegrated LREE compositions exist beneath the 
continental crust in southwestern and southeast­
ern Finland. This is, however, inconsistent with 
Nd isotopic data from the 1260 Ma old tholciitic 
dykes (Jotnian or Postjotnian diabases) of south­
western Finland that indicate a clear time-in­
tegrated LREE-depleted character for the upper 
mantle (the Jotnian dykes have initial ENd values 
between + 1.6 and + 3.2; Rämö, 1990). It is very 
difficult to envisüge a petrological process that 
would change such a long-term LREE-enriched 
character (eNd = -1. 7) of the mantle source to 
distinctly LREE-depleted (eNd ~ + 3.2) within 
just 300 Ma. 

Because the gabbroic and anorthositic rocks 
were intruded through the Svecofennian crust 
and because they (lbviously did not crystallize 
from primitive mantle melts (all have very low 
concentrations of Ni and Cr as weil as low Mg 
numbers and normative An/ (An + Ab) ratios), 
their LREE-enriched character can possibly be 
explained by invoking crustal contamination of 
the mantle-derived melts. This scheme would in­
volve a LREE-depleted mantle as the source for 
the mafic magmas (perhaps similar to that 
postulated for the Subjotnian diabase dykes) and 
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Fig. 60. Initial Nd isotopic compositions of the gabbroic and anorthositic rocks (Table 4) , expressed as ENiT) vaJues, plot­
ted against their (a) Rb and (c) Zr concentrations, (b) Mg numbers, and (d) normative An/ (An + Ab) ratios (Appendix 
2) . Verticallines indicate analytical errors of the ENd values . Symbols are as in Fig. 24. 

a Svecofennian crustal contaminant. The con­
tamination model would allow similar Nd iso­
topic compositions for the mantle beneath south­
eastern and southwestern Finland, and the over­
all integrated Sm/ Nd evolution of the Svecofen­
ni an crustal contaminant along a path with nega­
tive slope in the ENd(T) vs. age plot (Fig. 42b) 
would cause the more negative ENiT) values of 
the southwest Finnish sampIes . 

Anorthosite lenses within the gabbro-anortho­
site complexes, ubiquitous occurrence of 
plagioclase phenocrysts in the gabbroic rocks, 
and the correlation trend in Fig. 30 suggest that 

plagioclase fractionation was an important con­
trolling factor of the evolution of the magmas 
from which the gabbroic and anorthositic rocks 
crystallized. Plagioclase is considered a stable 
phase at depths less than 40 km (Cox et al., 1979), 
that is, within the continental crust. Thus by 
analogy with the evolution of the diabase dyke 
magmas, the shift of the initial Nd isotopic com­
position of the gabbroic and anorthositic rocks 
toward more unradiogenic isotopic ratios along 
with fractionation (Fig. 60) suggests that crustal 
contamination mayaiso have had a role in the 
evolution of these basic rocks. 
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Pb isotopic constraints 

The Pb isotopic composition cf the gabbroic 
and anorthositic rocks is consistent with a major 
contribution of crustal Pb to the mantle-derived 
magmas from which these rocks were eventually 
crystallized. The Pb isotopic composition of the 
anorthosite sampie MH87a is possibly rather 
dose to the initial Pb isotopic composition cf the 
magma from which the plagiodases were precipi­
tated. It falls dose to the evolution of average 
crustal Pb in the 207Pbj204Pb vs. 206Pbj204Pb 
diagram (Fig. 36), and actually also rather dose 
to the plagiodase of the diabase sampie A1063 
(cf. Fig. 35a). The olivine gabbro AIIlO, that has 
the highest ENiT) value of + 0.8, plots dosest to 
mantle evolution curve, and proba.bly has Pb iso­
topic ratios least affected by radiogenic crustal 
Pb, a scheme consistent with the crustal contami­
nation hypothesis . It is also worth Boting that this 
feature is not observed in the diabase dyke data: 
the dykes with positive ENd values do not plot 
toward lower U/Pb ratio in the :!o7Pb/204P b vs. 
206Pbj204Pb diagram, when compared with the 
rest of the dykes . 

The gabbroic and anorthositic rocks exhibit 
lower Pb isotopic ratios than most of the dia­
bases, in line with their lower U/Pb ratios. They 
also show larger scatter in the ;.Q7Pb/ 204Pb vs. 

206Pb/204Pb diagram and do not conform to a 
reasonable isochron, as the Subjotnian diabases 
do. Moreover, there are differences between the 
different plutons (e.g., low U/ Pb Ahvenisto vs. 
high U/ Pb Väärälampi). This indicates that the 
Pb in the basic magmas from which the indivi­
dual plutons were crystallized originated from 
slightly different U / Pb environments. In the light 
of the crustal contamination hypothesis, this 
would mean that the mafic magmas tapped dis­
tinctive Pb sources du ring their transit through, 
and residence in, the continental crust. 

In the 208Pb/204Pb vs. 206Pb/ 204Pb diagram 
(Fig. 36b), six gabbroic sampies out of eight con­
form dosely to the evolution line of average 
crustal Pb. The sampies from the Ahvenistc com­
plex plot along a regression line (not shown in 
Fig. 36b) that has a Th/ U ratio of 3.95. The two 
sampies that fall off the crustal evolution line plot 
toward higher (A691c) and lower (AI048) Th/U 
ratio, but show less overall scatter compared with 
the diabase Pb data (Fig. 35c). That the gabbroic 
and anorthositic rocks show less scatter in their 
Th/U ratios could be the result of a more 
homogeneous source of the thorogenic Pb in the 
magmas from which these rocks crystallized, and 
may indicate a larger relative amount of contami­
nation by lower crust. 

DlSCUSSION 

The petrogenesis of the southeastern Fen­
noscandian rapakivi granites and associated gab­
broic and anorthositic rocks and diabase dykes is 
relevant to a number of petrologic:al and geoche­
mical problems. These indude the origin of the 
Proterozoic anorogenic (or post-orogenie) granites 
and massive anorthosites, genetic connection be­
tween these two contrasting rock groups, pro­
ces ses controlling magma evolution of continen­
tal basalts, relation between gabbroie and anor­
thositic bodies and diabase dykes, nature and 

evolution of the Proterozoic subcontinental 
mantle, and the role of juvenile early Proterozoie 
crust and Archean crustal material in Proterozoic 
intra-cratonic magma generation. 

Rapakivi granites and related Proterozoie 
an orogenie (or post-orogenie) granites have been 
the subject of active research during the last two 
decades, especially focusing on North American 
and Finnish occurrences. Several studies (e.g., 
Kranck, 1969; Bridgwater & Windley, 1973; 
Bridgwater et al., 1974; Vorrna, 1976; Emslie, 



1978; Anderson & Cullers, 1978; Bickford et al. , 
1981; Cullers et al. , 1981; Haapala, 1988; 
Wyborn et al. , 1988; Rogers & Greenberg, 1990) 
consider them to represent anatectic melts from 
pre-existing conti ne nt al crust, yet in others (e.g., 
Barker et al. , 1975) they are interpreted as 
products of the interaction of mantle-derived 
mafic magma and crust-derived anatectic mag­
ma. The Phanerozoic A-type granites, with which 
the rapakivi granites share many compositional 
and petrographic characteristics, were original­
ly interpreted as being derived from the mantle, 
either by simple fractionation of mantle magma 
or fractionation combined with incorporation of 
granulitic lower crustal material (Loiselle & 

Wones, 1979). Those in favor of an anatectic ori­
gin for these rocks invoke either a residual 
(granulitic) protolith the composition of which 
had been affected by a previous extraction of a 
granitic melt (e.g., Collins et al. , 1982; Whalen 
et al, 1987; Clemens et al., 1986; Christiansen et 
al. , 1988) or a non-residual yet otherwise rela­
tively anhydrous intermediate (tonalitic to 
granodioritic) source (Anderson & Cullers, 1978; 
Cullers et al., 1981; Anderson & Bender , 1989; 
Emslie & Hunt, 1990; Creaser et al. , 1991). The 
important condition for the source is that it is 
water-deficient so that the partial melting begins 
at high temperature by decomposition of hydrous 
silicates (biotite, hornblende) that are enriched 
in F to derive the characteristic high F content 
in these rocks. 

The Nd and Pb isotopic data presented in this 
study on the Finnish rapakivi granites are strong­
ly in favor of a crustal origin for these rocks and 
render major incorporation of mantle materials 
in the rapakivi granites improbable. The relative­
ly high (i.e., only slightly negative) ENd values of 
the Finnish rapakivi granites reflect the juvenile 
character of their source that was formed dur­
ing the Svecokarelian orogeny by mixing of a 
small amount of Archean crustal material with 
depleted mantle material 200 to 250 Ma before 
the oldest (eastern Finnish) rapakivi granites were 
emplaced (Huhma, 1986; Patchett & Kouvo, 
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1986). A comparable parent-daughter relation­
ship between a juvenile crust and the rapakivi 
granites is found in the Ketilidian terrain of South 
Greenland where the ca. 1750 Ma old rapakivi 
granites register ENd values between -1.4 and 
+ 1.2 (Patchett & Bridgwater, 1984). The juve­
nile Ketilidian crust was formed only about 50 
Ma before the intrusion of the rapakivi granites 
(Gulson & Krogh, 1975) which is probably why 
the ENd values of these granites are more positive 
than those of the Finnish rapakivi granites. It 
should be noted that such positive ENd values 
have also been considered as possible evidence 
for mantle component in certain anorogenic 
granites (e.g., the 1100 Ma old Pikes Peak 
batholith in Colorado, DePaolo, 1981a; cf. also 
Barker et al., 1975) but in the case of the Finn­
ish rapakivi granites a crustal origin is considered 
the most probable one. The reaction melting 
model proposed for the combined mantle-crust 
origin of the Pikes Peak batholith suggests 
syenitic rocks as precursors of the rapakivi 
granites proper (Barker et al. , 1975). In the 
Suomenniemi complex, however, the peralkaline 
alkali-feldspar syenites constitute a later, separate 
intrusive phase and hence do not fit the model 
of Barker et al. (1975). 

Considerable controversy regarding the origin 
of the Finnish rapakivi granites and the penecon­
temporaneous basic rocks was brought up by the 
Hf isotopic studies of Patchett et al. (1981) which 
demonstrated similar EHf values ranging from 0 
to + 3 for the granites and the basic rocks. This 
implied that the silicic and basic rocks were 
derived from the same source, which was more 
probably the mantle than the crust. In the light 
of the Nd data presented in this study, this con­
troversy may have been due to sampling, as the 
rapakivi-age basic rocks analysed by Patchett et 
al. (1981) were those that show negative ENd 

values (sampies A1l8, Al19, and A1069 collected 
from the same rock type as the sampie A573 of 
Patchett et al., 1981) not much different from 
the ENd values of the rapakivi granites . 

The partial melting and fractional crystalliza-
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tion modeling of the granites of the Suomennie­
mi batholith suggest that an intermediate to acid 
igneous rock (granodiorite) coul<! have acted as 
a pr otolith for the initial magma of the batholith. 
The hypothetical initial magma is relatively high 
in silica (73.4070 Si02, ca1culated volatile free) 
and is rather similar to the average composition 
of the Laitila batholith, except for Zr which is 
considerably lower in the latter (Vorrna, 1976, 
Appendix 2, col. 53) . In discussing the geo­
chemistry of the Finnish rapakivi granites, Vor­
ma (1976) noted that the rapakivi granites show 
lower K/Rb ratios and Sr contents as weIl as 
higher Zr, Ba, and F contents thalrl granitic rocks 
in general. The geochemical modeling performed 
for the Suomenniemi batholith demonstrates that 
the low-silica granites in that intnusion are prob­
ably cumulus-enriched, and hence the relatively 
high Ba and Zr encountered may be due to cu­
mulus alkali feldspar and zircon, respectively. 
The relatively low K/Rb ratios and high F con­
tents are probably due to magma generation 
processes within the lower/middlc! crust initiated 
by decomposition of a F-bearing biotite (and 
amphibole). The overall enrichment in the LREE 
can also be explained by melting of a LREE­
enriched protolith . 

The isotopic data on the whole rock sam pies 
and alkali feldspar fractions suggest that the 
crystallization of the Suomenniemi batholith 
took place in an open system with some incor­
poration of Pb (and possibly also Nd) from the 
country rocks into the evolving magma. AI­
though this is a more likely process in mafic mag­
ma systems, such contamination has also been 
documented for A-type granite melts (Reece et 
al., 1990). In the case of the Suomenniemi 
batholith, the more primitive granites (other than 
the topaz-bearing granites) appear to show 
largely unaffected isotope ratios and hence are 
considered as registering the isotopic composition 
of their source. 

The Proterozoic massive anonhosites consti­
tute a distinct group of igneous rocks that has 
long been the subject of active discussion (cf. 
Morse, 1982a, for a review). The association of 

rapakivi granites with Proterozoic anorthosites 
is weIl documented in North America (e.g., An­
derson & Cullers, 1978; Emslie, 1978) where the 
anorthositic rocks are much more abundant at 
the present level of exposure than in southeastern 
Fennoscandia. The gabbroic and anorthositic 
rocks associated with the Finnish rapakivi 
granites are, however, geochemically and 
petrographically akin to the lithologies encoun­
tered in the Proterozoic massive anorthosites and 
hence the data in the present work may pi ace con­
straints on the origin of massive anorthosites as 
weIl . Controversy exists as to whether the 
parental magmas for the anorthosites were hyper­
feldspathic themselves (Wiebe, 1980, 1990) or 
whether they crystallized from more normal 
basaltic liquids (Emslie, 1980), or whether they 
have in common a unique parental magma at all 
(Duchesne, 1984). Isotopic studies are generally 
in favor of a mantle origin for these rocks (e.g., 
Basu & Pettingill , 1983; Ashwall et al., 1986; 
Demaiffe et al., 1986; Menuge, 1988) and con­
tamination of the mafic magmas with crustal 
components has often been invoked as a control­
ling factor in the chemical and isotopic evolution 
of the anorthosites (Ashwall et al., 1986; Gray, 
1987; Menuge, 1988; Geist et al. , 1990; Wiebe, 
1990). Enriched subcontinental mantle may have, 
however, contributed to the composition of these 
rocks as weil (cl'. Morse, 1982a). 

The gabbroic and anorthositic rocks of the Ah­
venisto complex were interpreted by Savolahti 
(1956) to be considerably older than the asso­
ciated rapakivi granites, but recent isotopic 
studies (Vaasjoki , 1977; Vaasjoki et al., 1991) 
have confirmed the elose temporal relations hip 
of these contrasted rock types. The Nd iso­
topic data in the present work indicate that the 
Finnish rapakivi granites and associated gabbroic 
and anorthositic rocks are probably not comag­
matic. The e Nd values of the gabbroic and anor­
thositic rocks are higher than those of the 
penecontemporaneous granites by about one eNd 

unit. Because the gabbroic and anorthositic rocks 
presumably were contaminated by unradiogenic 
crustal Nd, the original e Nd value of the basic 



magmas from which these rocks precipitated may 
have been around + 1 or even larger. Hence the 
overall difference in the ENd value of the silicic 
and basic magmas may have been at least two 
ENd units . One further line of evidence against a 
comagmatic origin is the fact that the olivine 
gabbro AIIlO has a distinctly lower (i.e., more 
mantle-like) 207Pbj206Pb ratio than the rapakivi 
granites. It should also be noted that the origin 
of the gabbroic and anorthositic rocks by early 
accumulation of plagioclase from a primitive 
rapakivi granite magma (see the discussion in 
Vorma, 1976, p. 89) is inconsistent with the frac­
tional crystallization model far the granites of the 
Suomenniemi batholith that indicates cumulates 
enriched in alkali feldspar . 

The diabase dykes associated with the rapaki­
vi granites and gabbroic and anorthositic rocks 
of southern Finland constitute typical Precam­
brian mafic dyke swarms that are common in cra­
tonic areas throughout the world (cf. Halls & 
Fahrig, 1987; Parker et al. , 1990) and have been 
considered to represent feeder conduits for con­
tinental flood basalts that were subsequently 
eroded exposing the underlying dyke systems 
(Basaltic Volcanism Study Project, 1981 ; Thomp­
son et al ., 1983). Considerable debate has focused 
on the inter action of flood basalt and mafic dyke 
magmas with continental materials during their 
passage through, and residence in, the continen­
tal crust. The main problems are whether the 
generally encountered incompatible element 
enriched character of these mafic magmas reflects 
a source in the subcontinental mantle (e.g. , 
Sheraton & Black, 1981; Weaver & Tarney, 1981; 
Menzies et al. , 1983; McDonough et al., 1985; 
Condie et al. , 1987; Ellam & Cox, 1989) or 
whether it is a result of the magmas being con­
taminated with continental crustal materials (e.g., 
Carlson et al., 1981; Allegre et al. , 1982; Thirl­
wall & Iones, 1983; Dupuy & Dostal, 1984; 
Cox & Hawkesworth, 1985; Chiesa et al. , 1989) . 

The Nd and Pb isotopic and general geo­
chemical data presented for the rapakivi-age 
Subjotnian diabases in this work are consistent 
with a crustal contamination origin for the 
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within-swarm enrichment in incompatible ele­
ments. Thus it appears that, at least when in­
truded through a crust concurrently in the pro­
cess of anatectic melting, continental basalts are 
prone to contamination with these elements. As 
regards the Svecofennian crust in the Subjotnian 
time, it is quite understandable that mafic mag­
mas passing through the hot, partially molten 
crust were contaminated with incompatible trace 
elements that partition into anatectic melts. A 
contributing factor may have been the lowered 
average density of the partially molten crust 
which possibly decreased the overall velocity with 
which the mafic magmas penetrated the crust, 
thus allowing them more time to interact with 
crustal components (cf. Perryet al. , 1987; Hup­
pert & Sparks, 1988). It is important to note in 
this context that the 1260 Ma old 10tnian diabase 
dykes of southwestern Finland which are not 
associated with coeval silicic magmatism exhibit 
much less radiogenic Pb and more radiogenic Nd 
isotopic compositions as weil as lower abun­
dances of incompatible elements than the Sub­
jotnian dykes (Rämö, 1990). The magma evolu­
tion of the 10tnian and Subjotnian diabases prob­
ably followed a grossly similar path (melt genera­
tion at approximately equallevel in the subcon­
tinental mantle, subsequent crystal fractionation 
in intra-crustal magma chambers). By the lotnian 
time at 1260 Ma, however, the Svecofennian crust 
had cooled down, and that could be one reason 
why the 10tnian dykes appear to be less affected 
by crustal components (cf. Rämö, 1990). 

An item subject to a certain amount of con­
troversy is the relationship of the gabbroic and 
anarthositic bodies with the Subjotnian diabase 
dykes. It has been suggested (Laitakari & Leino, 
1989) that the Ahvenisto gabbro-anorthosite 
complex (Fig. 1) probably acted as a magma 
chamber for the dykes of the Häme swarm. In 
the light of recent isotopic age determinations 
(Vaasjoki et al. , 1991), however, the overall set­
ting may have been more complex, as the age of 
the Ahvenisto complex is defined at about 
1645 ± 5 Ma, while the diabase dykes comprise 
at least three magmatic events aged at about 
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1665, 1645, and 1635 Ma. There are no known 
contact exposures of gabbroie and anorthositic 
rocks and Subjotnian diabases, as, in, for ex­
ample Labrador where tholeiitic dykes are found 
to cut anorthosite complexes and associated gra­
nitic rocks (Ashwall et al. , 1986), but the fun­
damental difference in the mode of occurrence 
of the Finnish gabbroic and anorthositic rocks 
and diabase dykes is that the former are intruded 
by the rapakivi granites while for the latter also 
the opposite relationship is encountered. It may 
be that the gabbroic and anorthositic rocks were 
derived from mantle magmas a.ssociated with 
relatively early stages of the generation of the 
rapakivi granite magmas, and that the diabase 
dykes, which in part were emplaced later than the 
gabbroic and anorthositic rocks, were associated 
with evolutionary stages when magmatic under­
plating had resulted in rupturing of the Svecofen­
nian crust facilitating intrusion of mantle mag­
mas through fissures. 

Both the gabbroic and anorthositic rocks ex­
hibit compositional characteristics indicative of 
crustal contamination but also show some differ­
ences in this respect. A distinctive feature of the 
gabbroic and anorthositic rocks is the presence 
of orthopyroxene in almost all of the analysed 
sampies (only the olivine gabbro AIII0 with the 
highest ENd value and lowest 207Pbj206Pb ratio is 
devoid of it). According to Gray (1987) progres­
sive crustal contamination of magmas precipitat­
ing anorthositic rocks is registered by the grada­
tion from olivine anorthosite to orthopyroxene 
anorthosite. In mantIe-derived mafic magmas the 
normal sequence of low-pressure crystallization 
is olivine-clinopyroxene-orthopyroxene but if ex­
tra SiOz is incorporated in substantial amounts, 
orthopyroxene may precipitate before clino­
pyroxene (Schiffries, 1990). Th is is what may 
have happened in the Ahvenisto complex, and is 
indicative of wall-rock assimilation during crys­
tallization of the complex. Orthopyroxene is, 
however, rare or absent in the diabase dykes. The 
reason for the dykes not showing orthopyroxene, 
although they exhibit positive evidence for incor-

poration of crustal (silica-rich) material, is not 
known. One explanation might be that the dyke 
magmas developed at a lower overall pressure 
than the magmas from which the gabbroic and 
anorthositic rocks crystallized, or that the 
amount of siliea introduced was not large enough 
to bring about the change in the order of 
pyroxene precipitation. 

As regards the nature of the mantle beneath 
the Fennoscandian shield, the Nd isotopic data 
of the basic rocks suggest that it was one with 
at least a slight time-integrated LREE-depleted 
character. The most depleted diabase (ENd = 

+ 1.6) and olivine gabbro (ENd = + 0.8) are them­
selves rather evolved and may have origi­
nated from magmas that originally were more 
depleted in the LREE (i.e ., had more positive 
ENd values) than that measured for these two 
sampies. The nature of such primitive magmas 
is speculative but may have been olivine tholeiitic 
(cL Emslie, 1978) or picritic (cL Sparks, 1986). 

Studies dealing with the genesis of the Pro­
terozoic anorogenic granites (including the 
rapakivi granites) have suggested that a juvenile 
crustal source, differentiated from the mantle 
shortly before the emplacement of the anorogenic 
granites, is a characteristie environment for these 
granites (Anderson, 1983; Anderson & Bender , 
1989). The data on the Soviet Karelian rapakivi 
batholiths indicate, however, that substantial in­
corporation (ab out 45070) of considerably older 
material mayaiso yield typical rapakivi granite 
melts. The isotopic contrast between the Finn­
ish and Soviet Karelian rapakivi granites also 
demonstrates the sensitivity with which these 
rocks reflect the isotopic composition of the 
lower/ middle crust from wh ich they derive. 

The overall tectonie environment of emplace­
ment of the rapakivi granites and the associated 
basic rocks of southeastern Fennoscandia was ob­
viously an extensional one, as is demonstrated by 
the diabase and quartz-feldspar porphyry dykes. 
A fundamental question is whether the igneous 
activity was anorogenic or whether it had a causal 
relations hip with orogeny. The former li ne of 



thought relates the generation of these rocks to 
partial melting and magma production in the 
mantle, followed by fusion of lower parts of tl:e 
continental crust due to heat provided by the 
mantle magmatism, and generation of anatectic 
granitic liquids that finally emplace at upper 
crustal levels as rapakivi granite complexes 
(Kranck, 1969; Bridgwater & Windley, 1973; 
Bridgwater et al. , 1974; Emslie, 1978; Ander­
son, 1983; Haapala, 1988). In contrast, the latter 
line of thought consideres the partial melting of 
the lower parts of the crust as a result of tectoni­
cal thickening of the orogenie crust (Vorma, 
1976; Van Schmus & Bickford, 1981; Nelson & 

DePaolo, 1985). While discussing the origin of 
the Finnish rapakivi granites Vorma (1976) sug­
gested that the formation of the rapakivi granite 
magma took pi ace during the compressional stage 
of the Svecokarelian orogeny, and that it was 
emplaced into the upper crust during the subse­
quent distensional post-orogenic stage. A relation 
to orogeny for the Finnish rapakivi granites has 
also been invoked by Hubbard and Branigan 
(1987) and Gaal (1990). In contrast, Nurmi and 
Haapala (1986), Haapala (1988), and Haapala 
and Rämö (1990), among others , consider the 
Finnish rapakivi granites as anorogenic , being 
generated by heat derived from mantle-derived 
mafic magmas, now represented by the gabbroic 
and anorthositie rocks and the diabase dykes . 

There are severallines of evidence in favor of 
an anorogenie origin for the rapakivi granites of 
southeastern Fennoscandia: 

There exists a considerable time-interval of 
200 to 300 Ma between the Svecokarelian 
orogeny and the emplacement of the rapaki­
vi granites. It is considered improbable that 
a silicic melt generated during this orogeny 
could have prevailed within the lower crust 
for hundreds of millions years and later in­
trude in the upper parts of the continental 
lithosphere . 
Melting of a water-deficient lower crustal 
source requires elevated temperatures and 
hence a considerable amount of thermal 
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energy. This can be introduced by mafic 
mantle magmas. 
Active, convecting mantle, rather than a pas­
sive mantle in which melting takes place by 
simple adiabatie decompression, is a more 
viable source for the energy required for the 
anatexis and generation of the magmas for 
the voluminous silieie intrusions. It also 
aceounts better for the LREE-depleted 
(asthenospheric) Nd isotopie character sug­
gested for the parental magmas of the diabase 
dykes and the gabbroic and anorthositie 
rocks. 
The prolonged nature of the basic igneous 
activity related to the rapakivi granites (V aas­
joki et al. , 1991) fits weIl active rifting 
associated with thermal upwelling of the 
asthenosphere (cL ~engör & Burke, 1978; 
Basaltie Vo1canism Study Projeet, 1981). 
Furthermore, the fact that the juvenile 1.9 Ga 
Svecofennian crust was already deeply eroded 
at the time when the rapakivi granites were 
emplaced may have been partly due to dom­
ing of the lithosphere in association with the 
onset of active rifting (cL Basaltic Vo1canism 
Study Project, 1981, p. 842). 
Recent geophysical studies (Luosto, 1990; 
Korja & Elo, 1991) have shown that the Finn­
ish rapakivi granites are loeated in areas of 
thin erust. This is consistent with mafic 
underplating but does not fit a model imply­
ing a thickened continental crust. 

Various global causes have been proposed to 
have controlled the generation of the Proterozoic 
rapakivi granites. The profuse nature of this mag­
matism during the Proterozoic has resulted in the 
concept of a »single» event that is unique in the 
geological history . For example, Bridgwater and 
Windley (1973) suggested that the emplacement 
of these rocks was due to global-scale mantle 
aetivity and crustal rifting and coined the expres­
sion »anorthosite event». Anderson and Bender 
(1989) formulated a crustal overturn model and 
related the genesis of the anorogenie granites to 
chemieal unstability of the newly generated and 
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vertically undifferentiated ' juvenile crust 
mantle system, and suggested that the unstable 
setting will eventually result in considerable 
crustal reorganization leading to the emplace­
ment of anatectic granitic magmas within the 
upper parts of the juvenile crust. Hoffman (1989) 
suggested a model involving the generation of an 
early Proterozoic supercontinent (Laurentia­
Baltica) that affected the thermal state of the 
underlying mantle and promoted large-scale 
mantle upwellings (superswells) and extensive 
partial melting in the upper mantle (see also Gur­
nis, 1988), eventually leading to anatectic melt-

ing in the continental crust and generation of the 
anorogenic granites. 

The generation of the rapakivi granites and 
related basic rocks of southeastern Fennoscan­
dia may have been related to the formation of 
the early Proterozoic supercontinent and subse­
quent magmatic activity in the subcontinental 
mantle and continental crust, consonant with the 
hypothesis of Hoffman (1989). In Subjotnian 
time, the southeastern part of the Fennoscandian 
shield presumably was the site of incipient rift­
ing that eventually, however, was aborted and 
failed to integrate into a world-wide plate system. 

CONCLUSIONS 

The Nd and Pb isotopic and general geo­
chemical data presented in this work lead to the 
following conclusions: 

1) The rapakivi granites of eastern Fennoscan­
dia are typical Proterozoic A-type granites with 
a metaluminous to slightly peraluminous che­
mistry, intimate temporal and spatial association 
with basic rocks, and the occurrence of a minor 
volume of peralkaline felsic rocks. 

2) The nature of the basic magmatism asso­
ciated with the rapakivi granites is tholeiitic and 
includes mafic dykes geochemically akin to con­
tinental flood basalts, as well as gabbroic and 
anorthositic rocks typical of the Proterozoic mas­
sive anorthosites. 

3) The Finnish rapakivi granites were derived 
from the lower parts of the juvenile 1.9 Ga 
Svecofennian crust that was formed during the 
Svecokarelian orogeny some 200 to 300 Ma be­
fore the emplacement of the rapakivi granites. 

4) The Soviet Karelian rapakivi granites are 
probably about one-to-one mixtures of juvenile 
(1.9 Ga) and Archean lower crustal materials . 

5) The initial magma of the Suomenniemi 
batholith was presumably silicic (ca. 73070 Si02, 

calculated volatile free) and may have been 
formed by ca. 20% partial melting of an inter­
mediate to acid (granodioritic) source. This 
magma underwent fractionation of alkali feld­
spar, quartz, mafic silicates, oxide, apatite, zir­
con, and a LREE-phase resulting in cumulates 
(hornblende granite, biotite-hornblende granite) 
and rocks precipitated from residual liquids 
(biotite granite, topaz-bearing granite). Some in­
dication of open-system processes is provided by 
the Pb and Nd isotopic data. 

6) The lower part of the Fennoscandian 
Archean craton has a very low overall U/ Pb 
ratio. The isotopic composition of the Finnish 
and Soviet Karelian rapakivi granites imply an 
apparent Stacey and Kramers (1975) ~2 value of 
8 for the Archean lower crustal regime, which is 
in sharp contrast to the high U/ Pb character of 
the Archean upper crust. 

7) The diabase dykes and the gabbroic and 
anorthositic rocks were derived from a time­
integrated LREE-depleted mantle source with a 
minimum e Nd value of ca. + 1 at 1640 Ma. The 
magma evolution of the diabase dykes of the 
Suomenniemi complex can be assessed by AFC 



modeling involving fractionation of a gabbroic 
assemblage and incorporation of the more in­
compatible constituents from an average upper 
crustal composition. The magmas from which the 
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gabbroic and anorthositic rocks crystallized were 
presumably also affected by crustal contamina­
tion. 
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Appendix 1. Chemical composition of the silicic rocks and alkali-feldspar syenites. 
Suomenniemi complex 
H "rnblende-c1 i nopyroxene-f ayal ite granites 
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Suomenniemi complex 

Biotite-homblende granites 
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App. 1, contd. 
Suomenniemi complex 
Porphyritic biotite granites 
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45 

446 
57 

16 

440 

109 

8.5 

71.90 

0.34 

13.50 

0.92 

1.60 

0.04 

0.31 

1.01 

2.97 

5.92 

0.07 

0.31 

0.80 

<0.10 

99.69 

0.13 

99.56 

0.84 

1.03 

0.39 

4.35 

2.80 

1.99 

29.19 

0.55 

35.48 

25.49 

4.62 

0.00 

0.00 

1.35 

0.66 

0.00 

0.17 

2.50 

0 .00 

4.7 

67 

20 

335 

854 

33 

138 

77 

11 

362 

85 

7.5 

72.50 

0.30 

12.80 

0.86 

2.20 

0.05 

0.25 

1.15 

2.63 

6.29 

0.05 

0.46 

0.70 

<0.10 

100.24 

0.19 

100.04 

0.87 

0.97 

0.50 

4.92 

3.25 

2.39 

29.56 

0.00 

37.51 

22.46 

4.59 

0.00 

0.00 

1.26 

0.58 

0.00 

0.12 

3.20 

0.73 

4.7 

92 

22 

369 

740 

36 

314 

75 

13 

461 

113 

7.5 

72.30 

0.29 

12.20 

0.73 

2.40 

0.05 

0.'lJ 

1).95 

2.87 

5.87 

0.04 

0.34 

0 .60 

0.10 

%.97 

C.14 

93.83 

0.91 

0.95 

0.88 

8.63 

3 .10 

205 

3025 

0.00 

35.42 

24.80 

3.13 

0.00 

0.00 

1.'08 

0.56 

0.00 

0.10 

3.43 

12.3 

6.8 

B3 

20 
345 

394 

<:9 
263 

40 

12 

436 

76 

5.6 

72.40 

0.26 

B.OO 

0.91 

2.00 

0.04 

0.16 

1.33 

2.98 

6.07 

0.03 

0.55 

0.50 

0.10 

100.33 

0.'lJ 

100.10 

0.88 

0.94 

0.75 

7.03 

4.07 

2.04 

28.38 

0.00 

36.16 

25.42 

4.20 

0.00 

0.00 

1.33 

0.50 

0.00 

0 .07 

1.96 

1.96 

5.1 

92 

28 

408 

541 

45 

422 

58 

13 

451 

164 
11.0 

72.50 

0.25 

13.10 

0.54 

2.00 

0.03 

0.17 

1.26 

3.01 

6.11 

0.04 

0.49 

0.30 

< 0.10 

99.80 

0.21 

99.59 

0.88 

0.95 

0.60 

7.33 

3.89 

2.03 

28. 13 

0.00 

36.46 

25.72 

4.'lJ 

0.00 

0 .00 

0.79 

0.48 

0.00 

0.10 

2.50 

1.59 

4.8 

80 

27 

403 

669 

42 

289 

55 

11 

362 

126 

9.7 

Topaz-bearing granites 

M9.1 AI097 M150.1 M577.1 M664.lb M664 .2 M815.1 

74.50 

0.06 

13.50 

1.03 

0.10 

0.03 

0.07 

0.90 

3.44 

4.95 

0.02 

0.72 

0.70 

<0. 10 

100.02 

0.30 

99.72 

0.82 

1.07 

7.14 

60.08 

3.50 

1.44 

34.05 

0.91 

29.67 

29.52 

4.40 

0.00 

0.00 

0.25 

0.12 

0.87 

0.05 

0.18 

0.00 

4.6 

44 

25 

721 

101 

57 

105 

12 

6.7 

90 

102 

15.0 

74 .10 

0.04 

14.40 

0.81 

0.10 

0 .02 

0.01 

0.99 

4.32 

4.14 

0 .02 

0.88 

0.50 

0.10 

100.43 

0.37 

100.06 

0.80 

1.08 

6.05 

44.63 

3.15 

0.96 

31.38 

1.07 

24.72 

36.94 

4.83 

0.00 

0.00 

0.27 

0.08 

0.63 

0.05 

0.03 

0.00 

3.3 

28 

35 

24 

714 

118 

68 

73 .2 

16 

2.6 

39 

59 

14.8 

74.80 

0.13 

12.10 

0.33 

1.50 

0 .03 

0.10 

1.06 

3.05 

5.20 

0.02 

0.72 

0.50 

0 .10 

99.64 

0.30 

99.34 

0.88 

0.96 

1.92 

15.44 

3.90 

1.70 

34.57 

0.00 

31.25 

26.25 

4.04 

0 .00 

0.00 

0.49 

0.25 

0.00 

0.05 

2.07 

1.04 

4.7 

56 

25 

417 

217 

42 

384 

27 

11 

248 

137 

12.6 

72.70 

0.28 

13.50 

0.80 

1.50 

0.03 

0 .29 

0.9 1 

2.92 

5.82 

0.11 

0.41 

0.50 

< 0.10 

99.77 

0.17 

99.60 

0.82 

1.06 

1.22 

8.39 

2.80 

1.99 

30.96 

1.02 

34.79 

24.99 

3.84 

0.00 

0.00 

1.17 

0.54 

0.00 

0.26 

2.44 

0.00 

3 .9 

69 

20 

428 

352 

21 

203 

51 

7.8 

'lJI 

71 

4.9 

77.00 

0 .05 

13.10 

0 .27 

0.30 

0.03 

0.10 

0.41 

3.74 

4.43 

0.02 

0.73 

0.30 

< 0.10 

100.48 

0.31 

100.17 

0.84 

1.12 

4.12 

>62.20 

3.46 

1.18 

37.39 

1.46 

26.32 

31.82 

1.91 

0.00 

0.00 

0.39 

0.10 

0.00 

0.05 

0.55 

0.00 

45 

12 

24 

622 

151 

56 

85 

<10 

68 

162 

10.0 

73.90 

0.08 

13.50 

0.47 

0.80 

0.04 

0 .08 

0.79 

3.63 

5.10 

0.03 

0.94 

0.50 

0.10 

99.96 

0.40 

99.57 

0.85 

1.04 

4.24 

>62.40 

4.06 

1.40 

31.58 

0.65 

30.62 

31.21 

3.78 

0 .00 

0.00 

0.69 

0.15 

0.00 

0.07 

1.24 

0.00 

60 

57 

29 

624 

147 

49 

193 

< 10 

1'lJ 

157 

18.7 

73.80 

0.05 

13.30 

0.85 

0.10 

0.01 

<0.01 

0.67 

3.85 

5.10 

0.02 

0.58 

0.70 

< 0.10 

99.03 

0.24 

98.78 

0.89 

1.02 

7.96 

18.58 

3.13 

1.32 

3 1.20 

0.28 

30.83 

33.32 

3.27 

0.00 

0.00 

0.21 

0.10 

0.72 

0.05 

0.03 

0.00 

2.7 

25 

4 

22 

446 

56 

62 

82 

24 

<0.5 

29 

126 

17.3 



App. 1, contd. 
Suomenniemi complex 
Alkali-feldspar syenites 

SampIe M244.! M265.! Al164 M292.6 M730 M737 Allli 

Si02 (wt%) 

Ti02 

AI203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P205 

F 

H20+ 

H20-

Total 

0=F2 

Total 

NK/ A (a) 

A / CNK (b) 

Rb/ Ba 
Rb/Sr 
Ga/ AI 

KjNa 

57.30 

1.07 

15.20 

4.69 

4.20 

0.13 

0.73 

3.75 

2.79 

6.84 

0.28 

0.13 

0.60 

0.10 

97.81 

0.05 

97.76 

60.84 

0.72 

17.65 

3.41 

2.58 

0.08 

0.49 

1.98 

6.37 

4.95 

0.16 

0.47 

99.70 

63.10 61.40 

0.35 0.87 

16.20 14.70 

3.17 5.06 

1.10 3.00 

0.06 0.12 

0.31 0.71 

1.62 2.47 

5.25 5.87 

7.00 5.01 

0.04 0.13 

0.07 0.10 

0.40 0.60 

0.10 0.10 

98 .77 100.13 

0.03 0.04 

98.74 100.09 

64.50 

0.33 

16.50 

3.50 

0.70 

0.07 

0.51 

1.52 

7.14 

4.52 

0.03 

0.02 

0.40 

0.10 

99 .84 

0.01 

99.83 

0.79 0.90 1.00 1.03 1.01 

0.81 0.91 0.85 0.75 0.85 

0.14 0.11 0.19 0.42 0.49 

1.02 1.34 1.86 5.05 4.57 

3.36 2.33 3.08 2.06 

2.45 0.78 1.33 0.85 0.63 

c. I.p.w. norms (c) : 

Q 7.47 0.76 

0.00 

29.47 

54.31 

4.99 

3.72 4.77 3.52 

0.00 

26.89 

60.11 

0.00 

C 0.00 0.00 0.00 

Or 41.67 

Ab 24.34 

42.12 29.80 

45 .16 4803 

An 9.02 0.00 0.00 

Ac 0.00 0.00 0.06 1.73 0.63 

Wo 

Mt 

11 

Hm 

Ap 

Hy 
Di 

0.00 0.00 2.40 

7.01 4.98 2.78 

2.10 1.38 0.68 

0.00 0.00 1.29 

0.68 0.38 0.10 

0.8 1 0.57 0.00 

6.90 3. 16 1.70 

Trace elements in ppm: 

Sc 22.8 

Zn 

Sn 

Ga 

Rb 
Ba 
Nb 

Ce 

Sr 

Hf 

Zr 

Y 
Yb 

169 

5 

27 

237 

1700 

48 

288 

232 

23 

521 

116 

8.7 

171 

2 

188 

1710 

45 

30 1 

140 

867 

88 

9.5 

99 

4 

20 

270 

1420 

33 

288 

145 

30 

443 

105 

12.3 

2.20 1.61 

6.52 1.54 

1.66 0.63 

0.00 2.25 

0.3 1 0.07 

0.00 0.00 

4.99 2.76 

23 .1 

207 

24 

288 

683 

103 

296 

57 

21 

802 

151 

10.9 

11 .8 

102 

5 

18 

210 

427 

34 

204 

46 

25 

454 

89 

10.2 

62.70 

0.61 

15.50 

5.05 

0.80 

0.10 

0.53 

1.73 

5.85 

6.09 

0.12 

0.04 

0.60 

0.10 

99 .82 

0.02 

99.80 

61.50 

0.67 

14.70 

5.37 

0.70 

0.08 

0.47 

1.68 

6.13 

6.08 

0.17 

0.03 

0.30 

0.10 

97 .98 

0.01 

97.97 

1.05 1.13 

0.80 0.75 

0.20 0.15 

2.22 1.94 

2.56 2.57 

1.04 0.99 

3.77 

0.00 

36.32 

46.24 

0.00 

3.27 

2.70 

0.00 

36.83 

42.80 

0.00 

9.13 

1.74 1.70 

1.15 0.59 

1.17 1.30 

3.17 1.94 

0.29 0.41 

0.00 0.00 

2.87 2.59 

11.1 

94 

4 

21 

242 

1230 

37 

195 

109 

16 

433 

77 

5.8 

12.0 

114 

4 

20 

227 

1500 

37 

140 

11 7 

19 

553 

66 

5.2 
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Quanz-fcldspar porphyries 

M227.2 A21b 053.1 062.2 Alloo AI046 0101.2 01l9.2 

68.00 

0.43 

12.70 

4.86 

1.30 

0.08 

0.24 

2.00 

2.56 

5.90 

0.07 

0.38 

0.70 

0.10 

99.32 

0.16 

99.16 

70.90 

0.28 

13.30 

0.70 

2.30 

0.04 

0.32 

1.42 

2.74 

6.02 

0.05 

0.38 

0.60 

0.10 

99.15 

0.16 

98.99 

0.83 0.83 

0.89 0.98 

1.01 0.20 

5.27 1.59 

4.02 3.55 

2.30 2.20 

27.40 

0.00 

35.52 

22.07 

5.85 

0.00 

27.71 

0.00 

36.27 

23 .64 

6.33 

0.00 

0.88 0.00 

3.26 1.03 

0.83 0.54 

2.70 0.00 

0.1 7 0.12 

0.00 3.90 

1.31 0.45 

8.2 

162 

27 

274 

270 

42 

381 

52 

21 

773 

109 

7.6 

5.2 

88 

25 

260 

1310 

35 

323 

164 

12 

427 

78 

6.1 

74.00 

0.21 

11 .80 

1.93 

0.70 

0.02 

0.22 

1.09 

2.88 

5.20 

0.03 

0.5 

0.70 

0.10 

99 .38 

0.21 

99 .17 

72.80 71.00 

0.25 0.42 

12.20 13.00 

1.28 1.64 

1.20 2.80 

0.04 0.07 

0.29 0.21 

1.22 1.65 

3.17 2.78 

4.82 5.71 

0.05 0.06 

0.77 0.3 

0.40 0.80 

0.10 0.10 

98 .59 100.54 

0.32 0.13 

98.26 100.41 

72.00 

0.35 

12.60 

1.75 

1.80 

0.05 

0.34 

0.98 

2.88 

5.84 

0.06 

0.26 

0.70 

0.10 

99.7 1 

0.11 

99.60 

75.20 

0.14 

12.00 

0.93 

1.00 

0.03 

0.14 

1.00 

2.96 

5.27 

0.02 

0.68 

0.40 

0.10 

99 .87 

0.29 

99.58 

71.80 

0.32 

12.80 

0.80 

2.20 

0.05 

0.29 

1.09 

3.00 

5.91 

0.06 

0.28 

0.70 

0.10 

99 .40 

0.12 

99.28 

~88 O. O~ ~88 ~88 Oß 
0.96 0.96 0.95 0.98 0.97 0.96 

0.74 4.18 0.27 0.32 3.77 0.31 

8.63 13.85 3.52 3.56 31.06 2.85 

1.76 4.18 3.78 3.60 4.09 3.40 

1.81 1.52 2.05 2.03 1.78 I. 97 

35.74 

0.00 

3 1.33 

24 .84 

3.99 

0.00 

33.74 

0.00 

29.27 

27.56 

4.96 

0.00 

0.00 0.00 

1.75 1.91 

0.41 0.49 

0.76 0.00 

0.07 0.12 

0.08 1.19 

1.03 0.77 

4.4 

54 

11 

328 

441 

48 

2 12 

38 

11 

305 

111 

9.2 

6.0 

67 

27 

568 

136 

48 

263 

41 

10 

190 

141 

13.6 

28.38 

0.00 

33.96 

23.68 

6.17 

0.00 

0.00 

2.39 

0.80 

0.00 

0.14 

3.01 

1.46 

7.8 

131 

26 

264 

981 

58 

264 

75 

16 

654 

100 

8.6 

30.30 

0.00 

34.98 

24.70 

4.26 

0.00 

0.00 

2.57 

0.67 

0.00 

0.14 

2.14 

0.23 

6.2 

102 

24 

274 

844 

54 

272 

77 

12 

481 

85 

7.0 

35.79 

0.00 

31.55 

25 .38 

3.94 

0.00 

0.00 

1.37 

0.27 

0.00 

0.05 

0.84 

0.81 

4.0 

67 

26 

528 

140 

26 

359 

17 

9.8 

194 

145 

12.4 

28.49 

0.00 

35.52 

25 .82 

4.07 

0.00 

0.00 

1.18 

0.62 

0.00 

0.14 

3.27 

0.89 

5.8 

74 

23 

274 

898 

39 

267 

96 

13 

438 

90 

6.7 
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App. I, contd. 

Samrle 

Si02(wt'/',) 

Ti02 

A I203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P205 

F 

H20 + 

H20· 

Total 

0 ~ F2 

Total 

NK/ A (a) 

A /CNK (h) 

Rh/ Ba 

Rh/S r 

(ja / AI 

K/ Na 

AI163 

72.20 

0.44 

11 .50 

1.35 

.1.30 

0 .08 

0.2R 

1.79 

2.33 

5.05 

0.07 

0.33 

0.60 

0.10 

99.42 

0.14 

99.2R 

0.8 1 

0.92 

0.12 

1.02 

3.61 

2.17 

c. I.P.W. norms (c) : 

o 34.35 

C 0 .00 

Or 30.33 

Ab 20.04 

An 6.10 

Ac 0.00 

Wo 0 .00 

Mt 1.99 

I1 O.8S 

HOl O.t)() 

Ar 0.17 

Hy 4.tH 

Di 2t4 

Tracc ckmcn ts in rrrn: 
Sc 8.11 

Zn 124 

Sn 

Ga 

Rb 

Ba 
Nb 

Ce 

Sr 

Hf 

Zr 

Y 

Yb 

22 

186 

1490 

54 

272 

182 

18 

821 

84 

5.4 

Wiborg batholith 

A 18 A29b A524b I/ IH /89 

6300 65.80 75.08 

1.07 0.8R 0.09 

13 .60 12.80 11.52 

1.91 1.17 0.68 

6.20 5.1\0 1.32 

0.11 0.11 0.03 

0.11 I 0.61 0.04 

3.60 2.54 1.17 

2.81 2R4 2.81 

4.80 5.42 5.66 

0.34 0.23 0.02 

0. 17 0.18 0.77 

0.50 0.60 0.60 

0.10 0.10 0.14 

99.02 99 .08 99.93 

0.07 0.08 0.32 

98 .95 99.01 99.61 

0.72 

0.83 

0.10 

0.65 

3.89 

\.71 

0.112 1).93 

0.114 1).89 

0.19 L75 

1.63 > LI.75 

3.54 10.01 

1.91 :~.O I 

18.03 

0.00 

2R.86 

24.19 

10.50 

0.00 

0.00 

2.1U 

2.07 

0 .00 

0 .82 

8.tH 

4.68 

16.9 

\38 

2R 

20.43 

0.00 

32.61 

24.47 

6.2R 

0.00 

0 .00 

1.73 

\.70 

O.(Wl 

0 .55 

7.86 

4.36 

14.4 

12R 

24 

146 218 

1410 1\30 

40 53 

191 248 

221 \34 

18 15 

7tH 637 

75 87 

5.6 7.6 

35.09 

0.00 

E 98 

24.16 

2.14 

0.00 

000 

1.00 

0.17 

000 

0.05 

0 .21 

321 

27 

61 

550 

200 

lt)() 

< ~O 

190 

73.10 

0.03 

15.00 

0.27 

0.86 

0.04 

0.13 

0.77 

3.8R 

4.58 

0.03 

1.53 

0.30 

0.10 

100.62 

0.64 

99 .98 

0.76 

1.18 

> 97.4 

46.38 

7.05 

1.18 

31.0] 

2.36 

27.42 

33.26 

3.67 

0.00 

0 .00 

0.40 

0.05 

O()() 

0 .07 

1.73 
O.(Wl 

69 

36 

56 

974 

< 10 

77 

146 

21 

37 

118 

27.6 

SW Finland 

A606 A690 A710 A295 A762 A373 

65.87 71.60 73.10 72.00 69.70 

~~ O~ ~~ O~ OM 
13.61 14.42 12.90 12.60 13.30 

1.68 0.87 0.42 1.61 1.23 

5~ I~ IM 200 2W 
0.08 0.04 0.04 0.05 0.07 

0.75 0.43 0.31 0.52 0.61 

1.98 1.18 

2.43 2.85 

4.97 5.73 

0.30 0.09 

0.25 0.36 

1.26 0.54 

0.10 0.03 

99.56 100.42 

0.11 0.15 

99.45 100.27 

0.69 

1.05 

0.13 

0.86 

2.05 

25.29 

1.38 

29.98 

20.99 

8.03 

0.00 

000 

2.49 

1.53 

0.00 

0.73 

9.60 

O.llO 

183 

1434 

2 12 

607 

0.76 

1.11 

0.90 

5.2R 

2.01 

29 .26 

1.61 

34.03 

24.24 

5.29 

0.00 

0.00 

1.27 

0.65 

0.00 

0.21 

3.44 

0.00 

402 

448 

76 

229 

0.93 

2.99 

5.77 

0.08 

0.5 

0.50 

0.10 

99 .69 

0.21 

99.48 

0.87 

1.00 

0.78 

3.46 

2.93 

193 

30.64 

0.24 

34.58 

25 .66 

4. 15 

0.00 

0.00 

0.62 

0.48 

0.00 

0.19 

3.44 

0.00 

5.3 

34 

20 

0.85 

3.40 

5.35 

0.07 

0.15 

0.80 

0.20 

99.99 

0.06 

99 .92 

0.90 

0.97 

0.17 

1. 71 

3.30 

1.57 

2R.97 

0.00 
31.98 

29 .10 

3.36 

0.00 

0.00 

2.36 

0.75 

0.00 

0.17 

2.94 

0.37 

6.3 

8 1 

22 

1.53 

3.43 

5.27 

0 .11 

0. 13 

0.80 

0.20 

99.64 

0.05 

99.58 

0.85 

0.94 

0.14 

1.18 

3.41 

1.54 

24 .82 

0.00 

3 1.61 

29.46 

5.41 

0.00 

000 

1.8 1 

OB9 

0.00 

0.26 

4.41 

1.J3 

7.8 

79 

24 

370 191 187 

475 1140 1360 

29 29 32 

266 196 182 

107 112 158 

6.8 13 12 

226 480 436 

80 78 64 

6 .7 6 .8 6 .2 

71.10 

0.21 

13.90 

1.06 

1.30 

0.03 

0.27 

0.90 

2.35 

6.99 

0.05 

0.37 

0.50 

0 .20 

99 .23 

0.16 

99.07 

0.82 

L06 

0.38 

3.69 

2.99 

2.97 

28.46 

0.97 

42.08 

20.26 

4.22 

0.00 

0.00 

1.57 

0.41 

0.00 

0.12 

1.93 

0.00 

64 

<2 

22 

32R 

870 

26 

239 

89 

214 

94 

6.0 

Soviel Karelia 

6896 9202 lYL/79 

75.30 

0.09 

12.40 

0.44 

0.90 

0.02 

0.07 

0.71 

4.18 

4.75 

0.01 

0.41 

0.40 

0.10 

99.78 

0.17 

99 .61 

0.97 

0.93 

10.93 

> 43 .7 

5.79 

1.14 

31.56 

0.00 

28.39 

35.77 

1.06 

0.00 

0.00 

0.65 

0.17 

0.00 

0.02 

0.25 

2.13 

0.8 

47 

38 

437 

40 

86 

119 

< 10 

12 

175 

138 

13.9 

74.10 

0.24 

12.40 

0.21 

1.70 

0.04 

0.23 

0.64 

3.45 

5.08 

0.03 

0.093 

0.60 

0.10 

98 .91 

0.04 

98.87 

0.90 

1.01 

0.23 

2.50 

3.81 

147 

32.38 

0.14 

30.59 

29 .75 

3.04 

0.00 

0.00 

0.3 1 

0.46 

0.00 

0.07 

3.26 

0.00 

4.8 

105 

25 

190 

819 

33 

261 

76 

9.5 

342 
I31 

6.5 

74.50 

0.16 

12.70 

0.44 

1.30 

0.04 

0.13 

0.77 

3.04 

5.95 

0.02 

0.35 

0.50 

0.10 

100.00 

0.15 

99.85 

0.90 

0.99 

0.26 

4.86 

4.76 

1.96 

31.78 

0.00 

35.50 

25.97 

3.47 

0.00 

0.00 

0.64 

0.3 1 

0.00 

0.05 

2.06 

0.22 

82 

28 

32 

214 

829 

90 

296 

44 

227 
110 

10.6 
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App. 1, contd. 

Note: The sampIes were analysed at X-Ray Assay Laboratories Ltd (Canada), except M265.l that was analysed at the Geological 
Survey of Finland (GSF). In addition, three previously published analyses are list cd: the composition used for sampIe A524b is from 
Haapala (1988), that of A606 from Haapala (1977a), and that of A690 from Vorma (1976). Most of the analysed sampIes were milled in 
chrome steel mill . Those agate-milled are A1097, M114 .2, M244.1, A1164, Al045 , A1042, M553.1 , M664.1b, M730, M737, Allll, A1130, 
M815.l, and 062.2; those milled in an iron pan at GSF are 6896, 9202, lYL/79, Al8, A29b, I/ IH/89, A295, A373, A690, A710, A762, 
M415.4, and M664.2. Major components by XRF, ferrous iron by potassium dichromate titration, fluorine by ion specific electrode, H20 + 
by mixing the sampIe with PbO and heating the mixture at 110°C for three hours, H20- by heating at 110°C for one hour (except sampIe 
M265.l for which the total water content was determined by Leco water analyzer at GSF). Ferrous iron was not measured for sampIes 
1/IH/89 and IYL/79; their FeH / Fe2+ ratios were estimated by the method of Sack et al. (1980) assuming 750°C and QFM. Analytical 
methods for the trace elements were: 

XRF: Zn; Sn; Rb; Ba; Nb; Sr (except M9.1); Zr (except M214.3); Y 

NA: Sc; Ce for M244.I, M265.1, AI045, M730, M737, and M815.1; Hf; Yb (except AI8, A1l30, AI043, AI041, AI097, All 11 , AI064, 
and Alloo) 

ICP: Ga (except IYL/79, I/IH/ 89, A373, L871.1 , AI097, M244.1, AII64, M292.6, Al045, M415.4, A1042, M480.1, M553.1, M664.lb, 
M664.2, M730, M737, Allll, A1130, M815.!, 0202.1, 0242.1, 062.2, 078.3, and AI 100) ; Sr for M9.I ; Zr for 214.3 

ICPjMS: Ga for IYL/79, I/ IH /89, A373, L871.1, AI097, M244.1, A1l64, M292.6, AI045, M415.4 , Al042, M480.1, M553.1, M664.1b, 
M664.2, M730, M737, Allll , A1l30, M8l5 .I, 0202.1, 0242.1, 062.2, 078.3, and AllOO; Ce (except M244.1, A265.I, AI045, 
M730, M737, and M815.I); Yb for A18, A1l30, A1043, AI041, Al097, All 11, All64, and Alloo 

(a) molecular (N~O +K20)/AI20 3 ratio 
(b) molecular AI20)(CaO + N~O + K20) ratio 
(c) weight norms calculated fluorine free 

Locations of the sam pies taken from the Suomenniemi complcx (see also the appended map): 

SampIe Map Northing Easting SampIe Map 

M415.2 3132058 6788.49 3513.82 M326.1 3132098 
M415.4 3132058 6788.49 3513.81 M589.2 3132030 
A1l30 3132090 6799.26 3528.37 M644.1 3132068 
L868.38 3132098 6798.88 3522.34 0101.1 3132090 
M319.2 313209 6795.00 3525.59 0195.1 314107C 
AI044 313209A 6791.44 3523.57 0247.1 3132090 
M1.I 3132080 6787.49 3525.18 M9.1 314107A 
MI.2 3132080 6787.50 3525.33 A1097 314107A 
AI043 3132080 6788.76 3528.02 M150.1 314104A 
M195.2 3132088 6786.85 3523.68 M577.1 3 I 3203A 
AI045 3132058 6788.64 35 13.94 M664. lb 3132060 
0202.1 3 1 3209C 6793.32 3529.85 M664.2 3132060 
0211.2 313209C 6793.39 3527.46 M815.1 314107A 
0256.1 3132090 6795.76 3525.45 M244.1 3 I 3209C 
0263.1 3132090 6799.30 3526.77 M265.1 3 I 3209A 
M214 .3 313209A 6794.12 3522.73 A1l64 3132090 
M291.1 3132090 6795.35 3525.62 M292.6 3132090 
M480.1 3132050 6787.58 3517.37 M730 3132090 
063.1 313203A 6793.89 3504.62 M737 3132090 
078.3 3132068 6799.36 35 10.35 Allll 3132090 
AI040 3132098 6797.71 3521.92 M227.2 313209C 
AI042 314104C 6803.94 3519.30 A21b 314104A 
M1l4.2 314104C 6800.41 3515.02 053.1 314104A 
M452.2 3132058 6786.04 3514.32 062.1,2 313203A 
M553.1 3132020 6787.61 3506.26 Alloo 313209C 
A1041 314107C 6801.70 3529.38 AI046 3132090 
0209.2 3 I 3209C 6793.68 3528.09 0101.2 3132090 
0242.1 314107A 6804.88 3523.18 0119.2 313211 0 
L871.1 3132098 6798.66 3522.82 A1l63 31410IC 

Northing Easting 

6796.37 3521.64 
6795.20 3507.58 
6796.90 3513.68 
6796.01 3528.81 
6802.80 3528.52 
6797.14 3525.61 
6801.58 3521.72 
6801.54 3521.84 
6800.16 3514.65 
6794.44 3503.30 
6799.46 3517.20 
6799.43 3517.25 
6803.58 3523.30 
6791.04 3527.59 
6793.46 3524.77 
6795.38 3525.19 
6795.22 3525.83 
6795.92 3528.58 
6796.48 3528.55 
6796.47 3527.83 
6791.98 3527.33 
6804.19 3512.01 
6802.19 3511.20 
6794.56 3503.86 
6791.32 3527.96 
6796.81 3528.97 
6796.00 3528.64 
6789.88 3535.68 
6800.04 3507.53 
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Appendix 2. Chemical composition of the basic rocks. 
Diabase dykes 
Suomenniemi swarm 

Sampie 

Si02 (W!%) 

Ti02 

AI203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P205 

LO.I. 

Total 

An/(An + Ab) Ca) 

Hy/(Hy+ Di) (b) 

Mg number (c) 

C. I.P.W. norms (d) : 

Q 
C 

Or 

Ab 

An 

Mt 

11 

Ar 
Hy 

01 

Di 

4.1 

49 .70 

2.39 

14.30 

2.40 

11.70 

0.21 

4.52 

7.71 

2.76 

1.73 

0.55 

0.3 1 

98.28 

47.96 

66.56 

40.62 

0.81 

0.00 

10.43 

23 .83 

21.96 

3.42 

4.63 

1.33 

22.35 

0.00 

11.23 

9.1 

48.00 

2.97 

13.90 

2.63 

12.30 

0.21 

4.70 

7.35 

2.48 

1.50 

0.72 

1.54 

98.30 

51.60 

75.43 

40.19 

1.75 

0.00 

9.16 

21.68 

23 .11 

3.67 

5.83 

1.76 

24.93 

0.00 

8.12 

AI063 

47.80 

2.29 

17.10 

2.60 

10.40 

0.17 

4.12 

8.47 

2.88 

1.34 

0.49 

0.31 

97 .97 

54.99 

65 .65 

40.4 1 

0.00 

0.00 

8 .11 

24 .% 

30.49 

3.15 

4.45 

1.19 

14.83 

5.06 

7.76 

Parameters for the I atm tholeiite system (e) : 

Q 8.18 10.26 4.59 

Plag 

Crx 

01 

62.20 

15.25 

22.56 

Trace elements in ppm: 

Sc 412 

Ni 

Co 

Cr 

Pb 

Rb 

Ba 
Th 

U 

Nb 

La 

Ce 

Sr 

Nd 

Hf 

Zr 

Sm 

Y 

Yb 

21 

43 

42 

52 

541 

3 .7 

0.9 

24 

56.6 

118 

309 

43 

12.0 

238 

12.0 

53 

4.4 

62.71 

11.37 

25.91 

42.9 

36 

42 

52 

33 

693 

4.4 

1.2 
2, 

61.4 

112 

319 

45 

13.0 

260 

11.0 

58 

4.7 

69 .94 

9.78 

20.2S 

24.0) 

26 

45 
2:, 

6.86 

36 

47:; 

2.H 

0.65 

111 

29.h 

511 
37:; 

34.56 

6.4 

171, 

7.49 

4~· 

3.1 

30.1 

47.40 

2.89 

13.80 

2.85 

12.10 

0.20 

4.66 

7.67 

2.43 

1.59 

0.66 

0.31 

96.56 

51.75 

70.30 

39.99 

0.71 

0.00 

9.76 

21.36 

22.91 

3.69 

5.70 

1.62 

24 .07 

0.00 

10.17 

8.72 

61.22 

14.06 

24.73 

38.9 

37 

45 

56 

48 

561 

3.8 

0.8 

20 

50.3 

94 

308 

43 

8.7 

275 

9.2 

51 

4 4 

35.1 

53.20 

2.18 

15.00 

3.60 

8.40 

0.17 

3.57 

6.79 

2.7 1 

2.22 

0.89 

98.73 

49.20 

80.63 

39.14 

6.86 

0.00 

13.30 

23.25 

22.52 

2.85 

4.20 

2.14 

20.06 

0.00 

4.82 

15.48 

69.88 

7.35 

22 .77 

35.6 

21 

28 

33 

20.42 

75 

930 

5.5 

1.61 

24 

79.0 

135 

443 

69.09 

10.0 

325 

12.68 

54 

4.7 

AI064 

48.70 

2.17 

18.40 

1.30 

9.90 

0.15 

4.09 

8.77 

2.90 

1.19 

0.43 

98.00 

57.84 

75 .08 

43 .66 

0.00 

0.00 

7.17 

25 .02 

34.33 

2.73 

4.20 

1.04 

17.96 

1.58 

5.96 

5.50 

74.01 

7.44 

18.55 

23.6 

27 

46 

26 

7.57 

38 

430 

2.7 

1.00 

17 

32.2 

69 

367 

34.75 

5.7 

170 

7.57 

46 

42 

AI047 

52.70 

3.17 

13.70 

7.20 

7.10 

0.14 

2.26 

5.97 

2.24 

2.49 

1.19 

98.16 

51.32 

92.33 

25.87 

11.47 

0.00 

15.06 

19.39 

20.44 

3.35 

6.16 

2.88 

19.61 

0.00 

1.63 

22.51 

70.86 

2.90 

26.24 

34.4 

17 

24 

28 

15.56 

91 

1120 

6.3 

1.87 

29 

67.2 

130 

285 

711.55 

13.0 

41 5 

13.77 

57 

4.9 

A1068 

51.70 

3.07 

13.20 

3.40 

11.10 

0.18 

3.15 

6.51 

2.55 

207 

1.31 

98.24 

46.09 

82.46 

31.81 

8.26 

0.00 

12.45 

21.98 

18.79 

3.48 

5.94 

3.16 

21.39 

0.00 

4.55 

18.21 

66.48 

7.42 

26.10 

33.9 

28 

27 

14 

11.42 

74 

770 

5.9 

1. 51 

31 

54.9 

119 

282 

66.29 

14.0 

463 

13.38 

57 

5.5 

123.3 

47.80 

2.21 

15.70 

1.71 

11.60 

0.19 

5.59 

8.16 

2.51 

1.04 

0.48 

1.23 

98.22 

57.30 

76.85 

47.16 

0.00 

0.00 

6.33 

21.88 

29.36 

3.27 

4.32 

1.17 

25.10 

1.00 

7.56 

7.73 

65.41 

9.66 

24.93 

29.1 

37 

50 

85 

42 

451 

2.3 

0.7 

17 

29.6 

62 

311 

63 

4.7 

179 

6.5 

54 

3.2 

128.2 

47.50 

2.42 

15.40 

2.36 

12.00 

0.20 

5.44 

8.32 

2.49 

1.33 

0.51 

0.47 

98.44 

56.09 

67.35 

44.68 

0.00 

0.00 

8.02 

21.50 

27.46 

3.49 

4.69 

1.23 

19.33 

4.91 

9.37 

6.09 

63 .14 

12.08 

24.78 

28.7 

35 

55 

53 

40 

558 

3.7 

0.7 

20 

29.6 

58 

294 

28 

6.7 

186 

6.1 

48 

3.2 

133.2 

47.85 

1.83 

15.72 

6.13 

6.80 

0.19 

5.58 

8.30 

2.36 

1.68 

0.47 

96.97 

57.79 

66.42 

48.72 

0.00 

0.00 

10.28 

20 .67 

28.30 

3.08 

3.60 

1.1 5 

18.79 

4.62 

9.50 

6.02 

63 .64 

12.34 

24 .02 

37.1 

49 

44 

55 

47 

350 

3.1 

0.6 

17 

35.3 

71 

322 

53 

6.6 

244 

8.0 

44 

4.0 

136.2 

46.85 

2.40 

16.24 

3.68 

10.40 

0.21 

5.32 

7.84 

2.69 

1.27 

0.68 

97.58 

55.58 

77.76 

44.86 

0.00 

0.00 

7.70 

23.35 

29.22 

3.41 

4.68 

1.65 

17.80 

7.11 

5.09 

5.61 

67.45 

6.53 

26.02 

36.5 

40 

44 

46 

47 

470 

2.4 

0.8 

19 

38.9 

72 

297 

61 

5.6 

221 

8.4 

46 

3.7 
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App. 2, contd. 
Diabase dykes 
Suomenniemi swarm 

Sampie 138.2 

Si02 (wt%) 52.20 

Ti02 2.06 

AI203 17.50 

Fe203 2.23 

FeO 8.70 

MnO 0.14 

MgO 2.87 

CaO 7.10 

Na20 2.89 
K20 1.97 

P205 0.49 

L.O.I. 0.70 

Total 98.85 

An/(An + Ab) (a) 54.22 

Hy/(Hy+Di) (b) 87.43 
Mg number (e) 35.98 

c.I.P.W. norms (d): 

Q 4.99 

C 0.00 

Or 11.86 
Ab 24.92 

An 29.51 

Mt 2.63 

11 3.99 

Ap 1.18 

Hy 18.29 

01 0.00 

Di 2.63 

140.2 

47.50 

2.49 

15.70 

2.62 

11.50 

0.19 

4.98 

8.02 

2.53 

1.63 

0.53 

0.54 

98.23 

55.48 
68.58 

42.98 

0.00 

0.00 

9.86 

21.91 

27.30 

3.43 

4.84 

1.29 
18.01 

5.12 

8.25 

141.1 AIIOI 

49.60 48.00 

2.37 1.97 

14.40 18.50 

3.86 2.50 
10.20 9.10 

0.20 0.16 
4.64 4.20 

7.34 8.56 
2.55 2.92 

1.68 1.35 

0.54 0.41 

0.88 1.31 

98.26 98.98 

51.48 57.46 

73.58 69.95 

41.57 43 .70 

2.19 0.00 

0.00 0.00 

10.21 8.17 
22.18' 25.31 

23.53 34.19 

3.40 2.81 

4.63 3.83 

1.32 1.00 

23.95 12.73 
0.00 6.50 

8.60 5.47 

Parameters for the I atm tholeiite system (e): 

145.1 

47.50 

2.23 

16.80 

2.61 
10.70 

0.19 

4.72 

7.98 
2.69 

1.41 

0.47 

0.85 

98.15 

56.53 

74.86 

43 .14 

0.00 

000 

8.56 

23.40 

30.43 

3.25 

4.35 

1.14 

17.66 
5.27 

5.93 

164.1 

46.60 

2.83 

14.80 

3.39 

11.80 

0.22 

3.90 

7.13 
2.94 

1.52 

0.60 

0.62 

96.35 

47.71 

69.67 

35.52 

0.00 
0.00 

9.39 

26.00 

23.72 

3.76 

5.62 
1.49 

17.71 

4.61 

7.71 

Q 12.00 5.79 10.39 3.92 5.53 5.64 

Plag 

Cpx 

01 

76.99 64.82 63.41 

3.72 10.86 11.93 

19.29 24.32 24 .66 

Traee elements in ppm: 

Se 17.4 

Ni 20 

Co 36 

Cr 
Pb 

Rb 

Ba 
Th 

U 

Nb 

La 
Ce 

Sr 

Nd 

Hf 

Zr 

Sm 

Y 

Yb 

33 

75 

601 

5.6 

3.0 

19 

30.6 

58 

373 

36 
5.1 

179 

5.6 

37 

2.4 

26.7 

32 

52 
47 

50 

497 

3.5 
0.7 

19 

31.6 

65 

345 
59 

5.2 

193 

7.0 

54 

3.5 

27.9 

24 

51 

38 

62 

572 
5.1 

0.9 

22 

337 
77 
7.9 

238 

58 

73.55 68.90 66.07 

6.76 7.60 10.25 

19.69 23 .5 1 23.68 

18.8 

25 

45 

24 

7.73 

39 

462 

1.9 

0.56 

16 

28.1 

62 

422 

30 

4.0 

146 

6.5 

36 

3.3 

22.9 

36 

47 

35 

58 

489 

3.3 

0.9 

19 

27.2 

57 

349 

68 

4.0 

166 

46 

2.7 

36.5 

34 

45 

38 

59 

506 

2.8 

1.1 

19 

53.5 

104 

333 

36 
7.6 

300 

11.4 

53 

4.6 

164.2 AI102 

45.90 47.00 

2.78 2.99 

15.20 15.40 

4.15 4.60 
12.10 11.00 

0.21 0.20 
5.29 3.45 

7.00 6.84 

2.74 2.89 

1.44 1.87 

0.54 0.66 

0.93 1.00 

98.28 97.90 

51.81 49.03 

72.35 77.47 

41.20 32.34 

0.00 0.00 

0.00 0.00 

8.75 11.42 

23.84 25.28 

25.63 24.32 

3.94 3.78 

5.43 5.87 

\.32 1.62 

14.13 18.33 

11.56 4.05 

5.40 5.33 

4.52 

64.32 

7.02 

28.66 

26.6 

44 

62 

50 

36 

5.97 

68 .23 

7.34 

24.43 

24.2 

22 

49 

13 

13.09 

48 

All18 

46.70 

2.98 
14.70 

6.70 
10.00 

0.19 
4.72 

6.72 
2.76 

1.27 

0.61 

1.47 

98.82 

50.66 

83.90 

38.18 

0.00 

0.00 

7.74 

24.08 

24.72 

3.99 

5.84 

1.49 

24.28 

3.20 

4.66 

7.67 

65 .30 

6.24 

28.47 

24.4 

36 

66 

38 
6.64 

41 
572 743 574 

4~ 5.5 39 

0.9 1.38 2.71 

20 24 22 

32.3 41.5 

67 89 

355 346 300 
54 54.19 39.82 
6.3 7.9 8.7 

210 280 246 

6.7 11.6 8.5 

61 70 60 

3.5 5.1 

173.3 

53.60 

2.26 

14.00 

2.00 
9.90 

0.18 
3.57 

6.81 
2.60 

1.53 

0.64 

1.54 

98.63 

50.01 

74.83 

39.03 

10.43 
0.00 

9.31 

22.65 

22.66 

2.91 

4.42 

1.56 
19.50 

0.00 

6.56 

18.86 

68.28 

9.88 

21.85 

28.6 

18 

36 
43 

45 

898 

9.3 

2.5 

22 

36.5 

71 

483 

6.2 

286 
8.2 

61 

3.9 

175.9 

52.10 

2.45 

13.80 

3.40 
9.90 

0.19 

3.89 
7.19 

2.52 

1.75 

0.70 

0.62 

98.51 

49.83 
70 .87 

38.64 

7.10 

0.00 

10.57 

21.80 

21.65 

3.20 
4.76 

1.70 

20 .70 

0.00 

8.51 

15.55 

64.50 

12.64 

22.86 

26.1 

18 

36 
47 

54 

93 1 

6.1 

1.4 

22 

64 .1 

123 

507 

8.4 

284 
9.9 

74 

4.1 

176.1 

51.90 

3.14 

13.00 

3.08 

11.00 

0.20 

3.20 

6.03 
2.30 

2.28 

0.95 

1.08 

98.16 

48.62 

82.07 

32.77 

9.49 

0.00 

13.88 

20.05 

18.97 

3.44 

6.14 

2.32 

21.10 
0.00 

4.61 

19.97 

65.70 

7.76 

26.54 

27.0 

17 
40 

24 

60 
773 

8.4 

1.4 

30 

56.8 

110 

277 

64 
11.0 

392 

10.8 

74 

4.6 
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App. 2, cllntd. 
Diabase dykes 
Suomcnnicmi swarm 

Sam pie 

Si02 (wt % ) 

Ti02 

AI203 

Fe203 

FeO 

MnO 

M gO 

CaO 

Na20 

K20 

P205 

L.O.I. 

TOlal 

Anj(An+Ab) (a) 

Hyj (Hy+ Di) (h) 

Mg number (c) 

c. I.P .W. norms (d) : 

o 
C 

Or 

Ah 

An 

MI 

11 

Ap 

Hy 

01 

Di 

177.2 178.7 

49.50 

2.42 

14.60 

3.11 

10.70 

0.19 

4.59 

7.75 

2 .51 

1.58 

0.54 

0.77 

98.26 

52.95 

70.85 

41.63 

2.28 

0.00 

9.58 

21.80 

24.53 

3.35 

4.72 

1.31 

22.97 

0 .00 

9.45 

51.50 

3.14 

13.20 

2.84 
11.30 

0 .21 

3.42 

6.32 

2.38 

1.84 

0.94 

1.23 

98.32 

49.71 

82.56 

34.11 

9 .25 

0 .00 

11.20 

20.74 

20.50 

3.45 

6.14 

2.29 

21.82 

0 .00 

4.61 

Ai098 

47.70 

3,10 

14.30 

3 .30 

11.70 

0 ,22 

5.06 

6.40 

2 .36 

1.31 

0 ,74 

223 

9842 

55 15 

9337 

4197 

306 

000 

805 

2077 

2554 

369 

612 

11\2 

28,89 

000 

2,05 

ParameIers for Ihe I alm Iholeiilc system (e) : 

Q 10.13 19.22 13 , 13 

Plag 

Cpx 

01 

63.62 

12.98 

23.40 

Traee elements in ppm : 

Sc 33.1 

Ni 

Co 

Cr 

Ph 

Rh 

Ba 
. Th 

U 

Nb 

La 

Ce 

Sr 

Nd 

Hf 

Zr 

Sm 

Y 

Yb 

26 

49 

42 

43 

5114 

3.8 

0 .9 

21 

38.2 

96 

310 

43 

5.4 

233 

56 

4.5 

66 ,37 

7.42 

26.21 

6 .8 

19 

40 

28 

64 

811 

8,3 

1.9 

33 

297 

1.7 

393 

81 

66,3X 

2.93 

3069 

3:i .5 

34 

5 1 

55 

10.56 

43 

809 

S.7 

1.01 

22 

41>.3 

96 

308 

49.93 

h.8 
276 

10.44 

67 

4,8 

180.2 

48,20 

2.33 

14.60 

4 ,03 

9.60 

0.20 

4 ,60 

7.33 

2.55 

1.60 

0.48 

1.54 

97.06 

52.31 

74.04 

42. 17 

1.17 

0.00 
9.91 

22.62 

24.81 

3 ,36 

4.64 

1.19 

23 ,90 

0.00 

8,38 

9 ,08 

64 ,50 

11.39 

24 , 11 

34 .2 

35 

46 

38 

55 

481 

3.0 

0.7 

20 

419 

1<2 

309 

7.9 

256 
8 ,1 

40 

3 .9 

182.1 

48,10 

2.86 

14.40 

2.86 

11.10 

0,19 

4.12 

7.46 

2.55 

1.78 

0.71 

1.39 

97.52 

51.14 

72.16 

38.72 

1.63 

0.00 

10,94 

22.45 

23.50 

3.44 

5.65 

1.75 

22,11 

0 .00 

8,53 

9.34 

64.80 

12.03 

23.17 

38.0 

28 

46 

48 

58 

628 

4.9 

1.4 

22 

50.7 

74 

358 

62 

6,8 

253 

58 

5.1 

239.1 

47,90 

2.09 

17,70 

1.95 

10.30 

0.17 

4.42 

8.37 

2,79 

1.21 

0.43 

1.08 

98.41 

57,69 

76.33 

43.46 

0.00 

0 .00 

7.34 

24.25 

33.07 

2.99 

4.08 

1.05 

17.99 

3.66 

5.58 

5.51 

71.75 

6.99 

21.26 

31 

45 

32 

33 

441 

2.5 

0.5 

16 

393 

33 

157 

41 

Häme swarm 
A808a A1l35 

46.90 

2.36 

14.80 

2.30 

13.10 

0.20 

7,17 

7.05 

2,63 

1.32 

0.47 

·0.61 

97.69 

52.58 

72.25 

49.78 

0.00 

0 .00 

7.93 

22.63 

25 .09 

3.73 

4.56 

1.13 

15.83 

13.02 

6.08 

5.04 

60.81 

7.75 

31.45 

25.3 

82 

68 

69 

6.24 

37 

452 

0.62 

23 

71.3 

339 

31.39 

4.4 

197 

6.53 

26 

2.9 

48.40 

2,22 

18.30 

3.30 

8,10 

0,15 

4,14 

8,67 

3.25 

1.56 

0.52 

-0.46 

98.15 

52.78 

43.44 

43 .96 

0.00 

0.00 

9.36 

27.92 

31.21 

2.72 

4 .28 

1.25 

5.76 

10.00 

7.50 

1.82 

73.09 

9.27 

17.63 

23.8 

32 

41 

37 

5,93 

37 

558 

0 ,59 

29 

74.6 

511 

34.31 

4.9 

202 

6.88 

25 

2 .5 

Lovasjärvi intrusion 

AI069 

44.20 
4.67 

14.70 

4.30 

12.90 

0.20 

3.83 

8.48 

2.69 

1.25 

1.07 

0.31 

98.60 

51.68 

57.96 

32.39 

0.00 

0.00 

7.52 

23.18 

24.79 

4.13 

9.03 

2.58 

12,70 

6.85 

9,21 

4 ,20 

65.26 

12.53 

22.21 

39.3 

22 

5 1 

4 

7.98 

36 

55 

4 

0,85 

41 

40.1 

88.1 

19 

46 .75 

6.0 

20 

9.96 

48 

3.5 

A1129 

37.00 

3.00 

5.23 

3.54 

27.50 

0.35 

17.10 

2.40 

0 .96 

0.50 

0.19 

·2.69 

95.08 

51.09 

87.77 

53.89 

0.00 

0 .00 

3.02 

8 .29 

8.66 

7.58 

5.82 

0 .46 

13.21 

51.12 

1.84 

4.21 

21.29 

2.3 1 

76.40 

17.7 

395 

190 

1190 

2.2 

29 

231 

I 

0.36 

39 

10.9 

22.9 

98 

11.1 5 

3,0 

86 
2,28 

12 

0.9 
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App. 2, contd. 
Gabbroic and anorthos itic rocks 
Väärälampi body Ahvenisto eomplex SW Finland 

Sam pie AI048 AI048b AIII0 A1l8 MH87a 
Ylijärvi 

A119 A691b 7890 

Si02 (wt%) 

Ti02 

AI203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P205 

L.0 .1. 

Total 

An/(An +Ab) (a) 

Hy/(Hy+ Di) (b) 

Mg number (e) 

C.I.P.W. norms (d): 

Q 
C 

Or 

Ab 

An 

Mt 

11 

Ap 

Hy 

01 

Di 

Traee elements in ppm: 

Sc 

Ni 

Co 

Cr 

Pb 

Rb 

Ba 
Th 

U 

Nb 

La 
Ce 

Sr 

Nd 

Hf 

Zr 

Sm 

Y 
Yb 

50.70 

1.05 

21.70 

2.32 

4.50 

0.13 

2.95 

7.25 

3.26 

1.89 

0.22 

2.08 

98.05 

55.59 

100.00 

48.43 

1.68 

1.71 

11 .65 

28.77 

36.02 

1.66 

2.08 

0 .54 

15.89 

0.00 

0.00 

16.3 

32 

24 

36 

14.13 

116 

41 3 

3.0 

0 .66 

11 

16.0 

33.8 

494 

18.35 

2.2 

117 

3.83 

23 

1.8 

50.60 

1.51 

17.80 

1.29 

8.20 

0.13 

3.70 

7.73 

2.87 

1.74 

0.32 

0.77 

96.66 

55.71 

79.03 

45.33 

2.37 

0.00 

10.72 

25.31 

31.84 

2.36 

2.99 

0.79 

18.66 

0.00 

4.95 

24.6 
56 

33 

39 

13.01 

87 

478 

3.2 

0.93 

15 

24 .0 

50.9 

414 

27.8 

5.2 

179 

5.79 

32 

2.6 

48.70 

0.79 

22.50 

1.77 

6.70 

0.11 

4.75 

9.81 

3.25 

0.68 

0.15 

0.08 

99.29 

61.96 

59.66 

54.56 

0.00 

0.00 

4.05 

27.73 

45.17 

2.02 

1.51 

0.36 

3.55 

13.21 

2.40 

8.5 

46 

40 

41 

2.41 

11 

252 

0.13 

17 

9.2 

18.4 

699 

9.53 

3.0 

39 

1.91 

5 
0.8 

53.40 

1.01 

22.10 

1.54 

4.20 

0.09 

1.92 

9.47 

3.68 

1.48 

0.46 

0.23 

99.58 

55.86 

70.98 

41.88 

2.54 

0.00 

8.81 

31.35 

39.68 

1.36 
1.93 

1.10 

9.39 

0.00 

3.84 

14.1 

17 

17 

7 

7.15 

37 

546 

3.0 

0.71 

19 

32.0 

66 .5 

71 4 

32.89 

5.6 

218 

6.37 

19 

2.0 

53.60 

0.30 

25.50 

0.59 

2.60 

0.05 

1.71 

9.88 

4.08 

1.01 

0.06 

0.47 

99 .85 

58.31 

96.71 

53.39 

0.69 

0.00 

6.01 

34.74 

48.59 

0.76 

0.57 

0 .14 

8.22 

0.00 

0.28 

7 

37 

2.79 

25 

400 

0.081 

8 

10.5 

976 

4.92 

62 

0.83 

5 

53 .00 

0.91 

24.10 

1.34 

3.40 

0.07 

1.42 

9.83 

4.31 

1.25 

0.20 

0.08 

99.91 

53.95 

47.49 

39.26 

0.00 

0.00 

7.40 

36.54 

42.81 

1.12 

1.73 

0.47 

3.60 

2.34 

3.98 

11.0 

12 

13 

23 

5.72 

26 

355 

0.40 

6 
15.5 

32.4 

642 

16.57 

3.0 

36 

3.22 

15 

1.4 

52.50 

2.42 

17.30 

0 .91 

9.80 

0.14 

2.20 

7.22 

3.08 

1.68 

0.62 

0.85 

98.72 

52.16 

84 .43 

30.29 

6.84 

0.00 

10.13 

26.60 

29 .00 

2.62 

4.69 

1.50 

15.72 

0.00 

2 .90 

25 .5 

7 

24 

19 

10.46 

45 

518 

0.66 

36 

37.4 

77.0 

360 

42.23 

7.7 

281 

8.77 

34 

3 .8 

50.70 

1.23 

20.80 

2.51 

5.60 

0.12 

3 .01 

10.10 

3.20 

0.58 

0.22 

1.16 

99.23 

60.03 

67.04 

44.56 

1.86 

0.00 

3.50 

27.64 

41.52 

1.94 

2.38 

0.53 

13.83 

0.00 

6.80 

21.0 

40 

28 
49 

3.58 

19 

33 1 

2.0 

0 .29 

11 

14.4 

30.1 

489 

17.05 

2.5 

87 

3.96 

23 

1.8 
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App. 2, contd. 

Note: The sampIes were analysed at X-Ray Assay Laboratories Ltd (Canada), except sampIes 35.1, AI064, AI047, AI068, 133.2, and 
0\36.2 wh ich were analyscd for major components and 8a at Rau taruukki Oy (Finland). Most of the analysed sampIes were agate-miUed; 
thnse mill ed in an iron pan at GSF are A808,., AII35, AII29, AI069, AII8, AII9, A691b, AlllO, MH87a, and 7890. Major components by 
XRF (L.O .\. = loss of ignition , one hour at 950 OC), ferrous iron by potassium dichromate tit ration. Analytical methods for the trace 

elemen ts wcrc: 

XRF: Ni (except MH87a) ; Cr; Rb; 8a; Th for MH87a; Nb (exccpt AI 19); Sr; Zr; Y (except AIIIO) 

NA : Sc; Co; Th (except AI18, 7890, and MH87a); La & Yb (except AI068, AI069, AI1 29, AI048, A1048b, A1l8, Al 19, A691b, All1O, 
and 7890), Ce (except AI068, AI069, AI129, AI048, AI048b, AII8, AI19, A691b, All 10, 7890, and MH87a) ; Nd & Sm (except 
the l D sampIes); Hf 

IC P: Y fn r A 1110 

ICP/MS: Th for AII8 and 7890; La for AI068, AI069, AII29, AI048, Al048b, Al18, AI19, A691b, AlllO, and 7890; Ce for AI068, 
AI069, AII29, AI048, AI048b, A118, AI19, A691b, AII10, 7890, and MH87a 

ID: U, Pb, Nd, and Sm for AI063, 35.1, AI064, AI047, AI068, AIIOI, AII02, AII18, AI098, A808a, Al135, AI069, Al129, A1048, 
A 1048b, A 118, A 11 9, A691b, AIIIO, MH87a, and 7890 

DCP: Ni fo r MH87a 

DNC: U (except thc ID sampies) 

Analyses A1063, 35. 1, AI064, AI047, A106:l, AIIOI , AII02, AII18, AI098, A808a, AII 35, AI069, and A1129 havc been previously 
publishcd by Rämö ( 1990). 

(a) IOO·normative An/(An+Ab) 
(b) IOO·normative Hy/( Hy+Di) 
(c) molccular 100·Mg/ (Mg+0.85 ·Fetot ) 
(d) we ight norms cakulated with Fcl+ =0.85+Fetot 
(e) sec C<,. ct a l. (1979) 

Localions or lhe sampies ta ke n rro m the Suome nni emi complcx (see also the appended map) : 

Sampie Map Northing Easti ng Sampie Map Nonhing Easting 

4.1 31 41078 6807.28 3522.48 164.1 31410lD 6805.69 3508.19 
9.1 3 141078 6807.71 3521.66 164.2 314 l0lD 6805.69 3508.19 
AI063 3141078 6808.84 3520.20 AII02 31410lC 6802.71 3506.94 
.10.1 314\078 6809.10 3520.65 AII18 314104A 6803.64 3510.17 
35. 1 314104D 6805.46 35 18.44 173.3 314105A 6813.43 3512.45 
AIOM 313211 D 6789.32 3537.48 175.9 314105A 6812.24 3513.37 
AI047 3\3209D 6796.8 1 3528.97 176.1 314105A 6813.28 3512.34 
AI068 31321 1D 6789.99 3535.58 177.2 314105A 6815.00 3513.74 
I 23 .. l 313212C 6790.34 3535.01 178.7 3141058 6817.08 3514.23 
128.2 3\3212C 6791.77 3535.45 AI098 3141058 6817.05 3514.23 
133.2 3132 12C 6792.02 3536. 17 180.2 3 14105C 6813.87 3515.67 
136.2 3132128 6798.04 3531.43 182.1 314105C 68\3.22 3517.90 
\38.2 3\32 12C 6793.42 3535.68 239.1 3141078 6807.07 3522.32 
140.2 3132128 6795 .20 3534.22 AI069 3J3202C 6783.80 3507.64 
1~1.1 3 132128 6796. 10 353~ . 16 AII29 3 I 3202C 6784.92 3505.93 
AIIOI 3132 128 6795.76 3533.77 AI048 3132068 6799.37 3510.38 
145.1 313209D 6796.46 3529.86 AI048b 3132068 6799.46 3510.44 
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Appendix 3. Crystaljliquid partition coefficients used in modeling partial melting and rractional crystallization. 

Partial melting of rapakivi granite protolith and fractional crystallization of rapakivi granite magma 

Hornblende Biotite Plagioclase Alkali-feldspar 

Rb 

Sr 
0.014 2.24 (5.5) 0.041 0.34 

0.022 0.12 4.4 (9) 3.87 

Ba 

Zr 

La 

0.044 6.4 

1.4 2 

0.33 0.11 

Ce 1.52 

Nd 4.26 

Sm 7.77 

Eu 5.14 

Th 12 

Yb 8.38 

Lu 5.5 

0.32 

0.29 

0.26 

0.24 

0.35 

0.44 

0.33 

0.308 

0.1 

0.3 

0.27 

0.21 

0.13 

2.15 

0.06 

0.049 

0.046 

6.12 

0.1 

0.05 

0.044 

0.025 

0.018 

1.13 

0.006 

0.012 

0.006 

Partial melting of mantIe Ihcrzolites 

La 

Ce 

Nd 

Sm 

Eu 

Th 

Vb 

Lu 

Cr 

Olivine 

0.008 

0.007 

0.007 

0.007 

0.007 

0.009 

0.014 

0.016 

Orthopyr. 

0.002 

0.024 

0.033 

0.054 

0.054 

0.04 

0.034 

0.042 

0.87 

C1i nopyr. 

0.058 

0.1 

0.22 

0.45 

0.48 

0.59 

0.58 

0.53 

5 

Orthopyr. 

0.0027 

0.0085 

0.0029 

0.2 

0.1 

0.15 

0.22 

0.27 

0.17 

0.65 

0.86 

0.9 

Spinel 

0.03 

0.03 

0.04 

0.05 

0.05 

0.08 

0.11 

0.09 

85.2 

Oinopyr. 

0.032 

0.5 16 

0.131 

0.5 

0.3 

0.5 

1.11 

1.67 

1.56 

1.8 

1.58 

1.54 

Gamet 

0.03 

0.03 

0.087 

0.22 

I 

3 

5.5 

2 

F.yalite 

o 
Quartz Magnetite llinenite 

0.014 0.5 0 

Zircon 

o 
Apatite 

o 
Allanite Gamel 

o 0.01 

o 
o 
o 
1.5 

1.4 

1.1 

0.75 

0.25 

0.43 

0.95 

1.27 

Rb 

Sr 

Ba 

Th 

U 

La 

Ce 

Nd 

Sm 

Eu 

Th 

Yb 

Lu 

Nb 

Zr 

Hf 

Cr 

Ni 

o 0.7 0 

0.023 0.4 0 

o 0.8 1 

0.015 0.89 7.1 

0.014 1.1 

0.016 1.65 

0.014 2 

7.8 

7.6 

6.9 

o 
o 

4500 

2 

5 

o 
0.1 

20 

2.64 34.7 

2.2 57.1 

3.14 62.8 

0.056 0.47 2.5 3.14 30.4 

0.017 2.45 6.5 100 20 

0.017 1.1 4.1 270 23.1 

0.014 1.05 3.6 323 20.2 

Fractional crystallization of diabase magma 

o 0.15 

o 0.015 

2 0.5 

2,600 0.35 

2,250 0.35 

1,620 0.5 

850 2.6 

110 1 

270 35 

30 40 

30 30 

Olivine Clinopyr. PI.gioel.se 

0.04 

Magnetite llmenite 

0.01 0.02 

0.0004 0.08 

0.01 

0.02 

0.04 

0.008 

0.007 

0.007 

0.007 

0.007 

0.009 

0.014 

0.016 

0.01 

0.01 

0.02 

16 

0.05 

0.02 

0.02 

0.058 

0.1 

0.22 

0.45 

0.48 

0.59 

0.58 

0.53 

0.1 

0.1 

0.1 

10 

2 

2 

0.25 

0.012 

0.01 

0.14 

0.14 

0.08 

0.08 

0.32 

0.07 

0.07 

0.08 

0.01 

0.01 

0.008 

0.04 

0.04 

o 0 

o 0 

0.001 

0.01 

0.01 

0.015 

0.016 

0.026 

0.024 

0.025 

0.019 

0.018 

0.018 

1 

0.1 

0.4 

20 

10 

o 
0.01 

0.01 

0.098 

0.11 

0.14 

0.15 

0.1 

0.14 

0.17 

0.17 

0.8 

0.28 

0.2 
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Note: numbers in parenlheses den oIe values used in partial melting rnodeling if different from those used for crystallizalion modeling. 

Partition coefficient sources: 

Silicic rocks: Cullers el al. (1981), Higuchi and Nagasawa (1969), Knoper (1989), Mahood and Hildreth (1983), Nagasawa and SchnetzIer 

(1971), Nash and Crecraft (1985), Noble and Hedge (1970), Philpotts and Schnetzier (1970), Schnetzier and Philpotts (1970), Vil!emant et al. 

(1981), Watson and Harrison (1983), and Whalen and Currie (1990) . 

Basic and ultrabasic rocks: Allegre et al. (1977), Arth (1976), Bick.lc el al. (1977), Dostal et al. (1976), Dostal et al. (1983), Häk.li and Wright 

(1967), Haskin and Korotev (1977), Henderson (1984), Irving (1978), Irving (1980), Irving and Frey (1978), Irving and Frey (1984), Irving et al. 

(1978), Knoper (1989), Kogarko ct al. (1980), Kushiro et al. (1972), Larsen (1979), Lopez-Escobar el al. (1981), Masuda and Aoki (1979), 

MeCallum and Charette (1977), McKay and Weil! (1976), Morse (1982b), Murthy and Griffin (1970), Mysen and Kushiro (1976), Palme and 

Wlotzka (1977), Paster el al . (1974), Pearce and Norry (1979), and Pedersen (1979). 
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