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The 1630 Ma Jaala-Iitti complex is an example of bimodal rapakivi granite 
magmatism in which the interaction of granite and diabase magmas have led 
locally to hybridization. The dyke-like complex is situated at the northwestern 
margin of the Wiborg rapakivi batholith in southeastern Finland, cutting both the 
Proterozoic Svecofennian metamorphic crust and the Wiborg batholith. The 
complex consists mainly of non-hybridized compositionally homogeneous gran-
ites, i.e., hornblende granite and hornblende-quartz-feldspar porphyry which 
represent the felsic end-member (ca. 68 wt% Si02) of the complex. The mafic 
end-member (ca. 51 wt% Si02) is present as globules of disaggregated Fe-rich 
tholeiitic magma forming magmatic mafic enclaves (MMEs) and composite 
MMEs. Commonly MMEs and large (up to 2 metres in diameter) pillow-like 
MMEs show magma mixing and mingling characteristics. 

Hybrid rocks in the complex are monzogranitic and are characterized by (a) 
quartz grains and quartz aggregates (partially melted xenoliths) mantled by 
amphibole rims (ocellar texture) with occasional augite, (b) alkali feldspar 
megacrysts mantled by a micrographic plagioclase-quartz intergrowth, and (c) 
alkali feldspar megacrysts mantled by a plagioclase shell with occasional amphi-
bole inclusions. These textures are also found in hybrid MMEs and especially in 
pillow-like MMEs. Alkali feldspar and quartz megacrysts in hybrid rocks are 
derived from partially crystallized felsic magma and from disaggregated rapakivi 
granite and granitoid xenoliths whereas in the MMEs the xenocrysts are solely 
derived from partially crystallized felsic magma. 

Disaggregation of the mafic magma to form MMEs and equilibration with the 
host have produced micro-enclaves and recrystallized borders of MMEs. Disag-
gregation of the mafic magma has also produced needle-like apatite crystals 



incorporated from the mafic magma into the hybrid magma; acicular apatite is 
typical in MMEs and pillow-like MMEs and is indicative of rapid crystallization. 

The mass-fraction of mafic magma (Xm) in the hybrid rock is up to 0.3. The Xm 

in hybrid MMEs and pillow-like MMEs varies from 0.4 to 0.9. The temperature 
difference between the two magmas probably caused convection that spread the 
disaggregated mafic magma throughout the postulated layered magma chamber. 
The injected mafic magma simultaneously mingled and mixed with the felsic 
magma which was superheated, assisting the chemical exchange. The interaction 
of hybrid MME magma with the hybrid magmas was possibly made more effective 
by diffusion of fluorine from the felsic magma into the mafic magma. 

The composition of minerals indicates intensive interaction of the mafic magma 
and the felsic host, with the temperature of equilibrium being in the range of 900° 
to 750°C. The crystallization of granites of the complex occurred between 
850-650°C, with an oxygen fugacity parallel or slightly below the QFM buffer. 
Besides geochemical evidence, a hybrid origin for the rocks is also shown by the 
composition of Fe-Mg silicates. Pyroxenes, however, from the hybrid rocks and 
MMEs show disequilibrium having crystallized at various stages of the hybridi-
zation event. Mantling of the alkali feldspar megacrysts by micrographic plagio-
clase-quartz intergrowth and plagioclase shells has taken place at a temperature 
of 850° to 750°C at a pressure under 2 kbar. 

In the main part of the Wiborg batholith, any indication of large-scale hybridi-
zation between rapakivi and diabase magmas are lacking. A possible high velocity 
underplate beneath the batholith may have been a heat source for the partially 
crystallized rapakivi granite magma to produce corroded partially melted alkali 
feldspar megacrysts and the rapakivi texture without intensive magma mixing. 

Key words: granites, diabase, rapakivi, textures, mineral chemistry, geochemistry, 
genesis, magmas, mixing, crystallization, hybridization, rheology, Proterozoic, 
Jaala, Iitti, Finland. 
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I N T R O D U C T I O N 

Magma mixing 

Since Bunsen (1851). the idea of mixing mafic and 
felsic magmas to form intermediate magmas has 
been found to be an important process for the evo-
lution of the magmas in plutonic and volcanic envi-
ronments. The interaction of mafic and felsic mag-
mas has been widely recognized during the last few 
decades. 

The mafic end-member of a bimodal association 
is frequently visible as mafic enclaves that represent 
globules of the mafic magma in a more felsic host; 
this is a feature reflecting magma mingling and 
mixing (Reid et al. 1983, Bacon 1986, Eberz & 
Nicholls 1988, Pesquera & Pons 1989. Zorpi et al. 
1989, Castro et al. 1990a, 1990b, 1991a, Dorais et 
al. 1990, Lorenc 1990, Stimac et al. 1990, Poli & 
Tommasini 1991, Wiebe 1991, Bateman et al. 
1992; see also Didier 1973 and Didier & Barbarin 
1991a). In volcanic suites especially, magma mix-
ing is visible as lava f lows of an intermediate hybrid 
magma (Sakuyama 1981, Gerlach & Grove 1982, 
Bloomfield & Arculus 1989). Hybridization is also 
found on a smaller scale in composite dykes (Chap-
man 1962, Vogel & Wilband 1978, McSween et al. 
1979, Taylor et al. 1980, Cook 1988) where the 
interacting magmas use the same conduit. The 
mafic magma is usually basaltic to andesitic in 
composition whereas the felsic end-member is 
commonly rhyolitic, or in some cases syenitic 
(Dorais & Floss 1992). 

Textures in mafic enclaves (Reid et al. 1983, 
Vernon 1983, 1990, 1991, Vernon et al. 1988) and 
textures reflecting hybridization (Hibbard 1981, 
1991, Vernon 1990, 1991) have helped in the iden-
tification of rocks generated by magma mixing. 
Mineral chemistry (Allen 1991, Debon 1991, 
Dorais & Floss 1992) and isotopic studies (Halliday 
et al. 1980, Gray 1984, Briot 1990, Lesher 1990, 
Allen 1991) of mafic enclaves and their host rocks 
indicate various degrees of equilibration between 
enclaves and host rocks, and cognate mineral chem-
istry and isotopic data show that chemical and ther-
mal exchange took place between the magmas. It 

has also been shown that the megacrysts (quartz, 
feldspars) in mafic enclaves have often been de-
rived f rom a partially crystallized felsic magma 
(e.g., Barbarin 1990. Gourgaud 1991). 

Experimental and theoretical studies of magma 
mixing in a conduit (Koyaguchi 1985. Blake & 
Campbell 1986. Carrigan & Eichelberger 1990) or 
in a magma chamber (Huppert et al. 1982, Kouchi 
& Sunagawa 1983,1985, Campbell & Turner 1985, 
1986, Turner & Campbell 1986, Koyaguchi & 
Blake 1991, van der Laan & Wyllie 1993) with 
turbulent fountains have been carried out to evalu-
ate whether two magmas with different viscosities, 
temperatures, and crystallinities can mix or not 
(Marsh 1981, Sparks & Marshall 1986, Frost & 
Mahood 1987, Frost & Lindsay 1988, Russell 1990, 
Blake & Koyaguchi 1991, Fernandez & Barbarin 
1991, Fernandez & Gasquet 1994. Grasset & Al-
barede 1994). As magma mixing also seems to play 
an important role in granitoid evolution, the cate-
gory of H-type (hybrid) granitoids has been pro-
posed (Castro et al. 1991b) for granitoid rocks of 
unequivocal hybrid origin. 

Rapakivi granites of Finland 

Rapakivi granites, "A-type granites characterized 
by the presence, at least in the larger batholith, of 
granite varieties showing the rapakivi texture" as 
recently redefined by Haapala and Rämö (1992), 
show a wordwide distribution and numerous occur-
rences have been reported f rom all continents. The 
age of the rapakivi granites varies f rom Tertiary to 
Late Archean but most of the rapakivi granites are 
Proterozoic (1 .0-1.7 Ga) (Rämö & Haapala 1995). 

The rapakivi granites of the southeastern Fen-
noscandia form perhaps the best known rapakivi 
granite occurrence in the world. Active research on 
rapakivi granites in southeastern Fennoscandia has 
continued over a century starting f rom the work by 
Sederholm (1891), and continued by Wahl (1925, 
1938, 1947), Eskola (1928, 1930, 1949), Hackman 
(1934), Sahama (1945, 1947), and Savolahti (1956, 
1962) who introduced to the world the general 
petrographic and geochemical characteristics of the 
rapakivi granites. Vorma (1975, 1976), Haapala 
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(1977a), Nurmi and Haapala (1986), Haapala and 
Rämö (1990), Rämö (1991), and Rämö and Haapala 
(1990) have continued the characterization of the 
rapakivi granites. Detailed mineralogical (Simonen 
1961, Haapala & Ojanperä 1969, 1972a, Simonen 
& Vorma 1969, Vorma 1971, 1972, Vorma & 
Paasivirta 1979), isotope geochemical (Vaasjoki 
1977, Suominen 1987, 1991, Rämö 1991, Vaasjoki 
et al. 1991), and geophysical (e.g., Luosto 1990, 
Luosto et al. 1990, Elo & Korja 1993) works have 
focused on the origin and evolution of the 1.65-1.54 
Ga rapakivi granites in southeastern Fennoscandia. 
Recent summaries of the metallogeny of rapakivi 
granites can be found in Haapala and Ojanperä 
(1972b), Haapala (1977a, 1977b, 1988, 1993, 
1995), and Edén (1991); typical are greisen-, vein-, 
and skarn-type S n ( - W - B e - Z n - C u - P b ) and Fe-ox-
i d e - C u ( - U - A u - A g ) deposits. 

In southeastern Fennoscandia, rapakivi granites 
occur as several batholiths and/or stocks (Fig. la): 
Wiborg, Suomenniemi, Ahvenisto, Onas, Bodom, 
Obbnäs, Reposaari, Eurajoki, Kokemäki, Laitila, 
Vehmaa, Kökärst järden, Fjällskär, and Åland in 
Finland and Salmi and Sotjärvi (or Uljalegi) in the 
Russian Karelia. The classic Wiborg batholith (Fig. 
lb) consists of several distinct rock types (see 
Vorma 1971, 1976, for detailed summaries). 

Wiborgite and dark-coloured wiborgite show 
typical rapakivi texture (alkali feldspar ovoids man-
tled by plagioclase), and constitute about 80 % of 
the Wiborg batholith. Rapakivi texture (sensu 
stricto), is characterized by Vorma (1976, p. 5; see 
also Rämö et al. 1994) as having: ovoidal shape of 
alkali feldspar megacrysts; commonly mantling of 
ovoids by ol igoclase-andesine shells and the ubiq-
uitous occurrence of two generations of alkali feld-
spar and quartz, the latter having an idiomorphic 
older generation which crystallized as high quartz. 
When rapakivi granites have alkali feldspar ovoids 
which do not have a plagioclase mantle (or only in 
minor amounts) they are called pyterlites and the 
main difference relative to a porphyritic rapakivi 
granite is that the latter contains alkali feldspar 
megacrysts that are more euhedral. Even-grained 
rapakivi granites are medium- or coarse-grained, 
usually biotite-bearing granites but they may con-

tain variable amounts of hornblende±fayalite 
("tirilite") and occasionally alkali feldspar ovoids. 
Porphyry aplite is a rare rapakivi granite with (man-
tled or unmantled) alkali feldspar megacrysts in a 
fine-grained aplite-granite matrix (Vorma 1976). 

Related Subjotnian tholeiitic diabases (Laitakari 
1969, 1987, Boyd 1972, Ehlers & Ehlers 1978, 
Laitakari & Leino 1989, Lindberg et ai. 1991, Rämö 
1991) form dykes and dyke swarms running in a 
N E - S W or N W - S E direction (see Fig. la) with an 
age range of 1665 to 1635 Ma (Laitakari 1987, 
Siivola 1987, Suominen 1987, 1991, Vaasjoki & 
Sakko 1989, Rämö 1991, Vaasjoki et ai. 1991) in 
southeastern Fennoscandia. In association with ra-
pakivi granites, gabbroic and anorthositic rocks 
have been found at the Ahvenisto complex (Savo-
lahti 1956, Johanson 1984, 1989, Vaasjoki et al. 
1993) and minor gabbroic and anorthositic bodies 
occur in the Aland batholith area (Bergman 1979, 
Suominen 1987, 1991, Eklund et al. 1994). Large 
fragments of gabbroic and anorthositic rocks also 
occur within the Wiborg batholith at the Ylämaa 
and Simola districts (Simonen 1979a, 1979b; see 
also Fig. lb) . 

The coeval occurrence of rapakivi granites and 
related mafic rocks reflects the bi modal charac-
teristics of rapakivi granite magmat ism (Haapala 
1989, Johanson 1989, Lindberg & Eklund 1989, 
1992, Rämö 1989, 1991, Vaasjoki & Rämö 1989, 
Andersson & Eklund 1991, Boyd & Rämö 1991, 
Eklund et al. 1991, 1994, Andersson 1992, Eklund 
1993, Lowell & Young 1993, Salonsaari & Haapala 
1994). Magma mixing has been proposed as an 
important factor in the evolution of the rapakivi 
granites (Wahl 1925, von Wolff 1932, Eklund et al. 
1991, 1994, Eklund 1993) as well as forming ra-
pakivi texture itself (e.g., Hibbard 1981, 1991). 
Magma mixing and (mainly) mingling occurrences 
reported f rom rapakivi areas are, however, small 
and there is no convincing evidence of a large-scale 
hybridization between the mafic and felsic magmas. 
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Terminology on magma mixing 

In this work, mixing of magmas results in a homo-
geneous liquid phase; the phenocrysts derived f rom 
the end-members may, however, either retain their 
original composit ions or they may have partially 
re-equilibrated (Sparks & Marshall 1986). In some 
cases the evidence of magma mixing is thought to 
be given only by mineral disequilibria (Briot 1990). 
Magma mingling (or commingling) retains the 
identities of the original magmas through mechani-
cal exchange (Wiebe 1979, Sparks & Marshall 
1986) without pervasive mixing of the melts (Ver-
non 1983). Many interaction processes are, how-
ever, intermediate between these extremes (Bar-
barin 1988). When a significant proportion of 
intermediate rock (magma) is present, and both 
mixing and mingling processes have been opera-
tive, the term hybridization (producing a hybrid 
rock) is used. 

Products of magma mingling are commonly pre-
sent as magmatic mafic enclaves (MMEs) which 
represent pieces of the disaggregated mafic magma 
in felsic magma and intermingling of individual 
mineral grains f rom the one magma into another. 
The term enclave (Didier & Barbarin 1991b) de-
scribes a fragment of rock enclosed in another rock. 
The term magmatic refers to the igneous origin of 
the enclave, and the term mafic indicates that the 
enclave has a greater proportion of dark minerals 
than the host rock. Commonly used terms such as 
microgranular or microgranitoid instead of mag-
matic are used to describe the textures typical of 
MMEs. M M E s may also form composite enclaves 
(or double enclaves) in which one or several M M E s 
are enclosed in a host M M E (Barbarin 1991, Bussy 
1991, Didier & Barbarin 1991b). 

In some instances, xenoliths are also included in 
the group of composite enclaves, but in this study 
allochthonous material is described simply as xeno-
liths or xenocrysts. The term inclusion is reserved 
for mineral grains, liquid, or gas enclosed in single 
crystals as noted by Didier and Barbarin (1991b). 

The recent study 

Starting in 1990, a project "Conditions of crystal-
lization of rapakivi granites and rapakivi texture" 
has been undertaken at the University of Helsinki, 
Department of Geology, under the leadership of 
Professor Ilmari Haapala and with researchers Mrs. 
Jaana Lintala, M.Sc. and Dr Walter W. Boyd. After 
the first half of 1991, the author joined the project 
as a full-time researcher concentrating on the Jaala-
Iitti complex. Preliminary mapping of the complex 
was done in the summer of 1990 and detailed map-
ping was completed in 1991. 

The reason for choosing the Jaala-Iitti complex 
to study in detail was that, in the light of earlier 
studies (Lonka 1957, 1960, Lehijärvi & Lonka 
1964) and preliminary investigations, it appears to 
offer valuable information on the interaction of 
diabase and rapakivi granite magmas. The complex 
was assumed to have been placed as a subvolcanic 
complex and hence registering features that could 
not be observed f rom rapidly crystallized volcanic 
rocks or f rom fractionated and chemically equili-
brated plutonic rocks. It was also thought that the 
observed hybridization features could provide a 
means to assess the significance of magma mixing 
in the petrogenesis of rapakivi granite magmas. 

Objectives of this work were to describe in detail 
hybridization of contemporaneous felsic and mafic 
magmas and the overall petrogenesis of the rocks in 
the Jaala-Iitti complex by concentrating on: 1) hy-
bridization event(s) between the felsic and mafic 
magmas, 2) textures reflecting magma mixing and 
mingling, 3) petrographical, mineral chemical, and 
geochemical evidence of magma mixing or frac-
tional crystallization, 4) the role of xenolith and 
xenocryst assimilation during evolution of the 
rocks, and 5) to compare rocks f rom the Jaala-Iitti 
complex with rapakivi granites and associated 
mafic rocks of southern Finland to evaluate the 
possible significance of hybridization in the overall 
evolution of rapakivi granites, especially the origin 
of rapakivi texture. 

Geochemical comparison of the Jaala-Iitti com-
plex is mainly done with rocks of the Wiborg batho-
lith, the Häme diabase dyke swarm, and the 
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Suomenniemi complex. The Suomenniemi com-
plex is frequently referred to throughout this study 
because abundant geochemical data are available 
for the complex (e.g., Rämö 1991), and because the 
rock types of the Suomenniemi complex are com-
parable to the rocks of the Jaala-Iitti complex. Pre-
liminary results of this work have been reported in 
three IGCP 315 symposiums: Helsinki, Finland 
(Salonsaari & Haapala 1991), Rolla, Missouri, 
U.S.A. (Salonsaari 1993), and Pisa, Italy (Salon-
saari & Lintala 1994). A brief description of the 
complex can be found in Salonsaari & Haapala 
(1994). 

G E O L O G I C SETTING 

The Jaala-Iitti complex is situated at the northwest-
ern margin of the Wiborg rapakivi batholith in 
southeastern Finland (Fig. lb). The complex (Fig. 
2) is about 22 km long and 0.1 to 1.5 km wide. It 
forms a curved dyke with features similar to a 
ring-dyke. The central part of the complex has three 
SE-directed offsets that are mainly unexposed. Be-
cause of this, and lack of suitable geophysical data, 
contacts for the offsets in Figure 2 are speculative; 
they are based on a few observed field contacts and 
orientation of fragments in the rock. The western 
part of the complex cuts with sharp vertical contacts 
the Proterozoic Svecofennian (1.8-1.9 Ga) meta-
morphic crust that here consists of garnet-bearing 
granites and minor mica gneisses and amphibolites. 
In the east the complex is hosted by a porphyritic 
(Verla) rapakivi granite with a U - P b zircon age of 
1639+2 Ma (Vaasjoki etal. 1991). The U - P b zircon 
age for the hornblende granite of the Jaala-Iitti 
complex is 1630±5 Ma (Vaasjoki et al. 1991) so it 
is only slightly younger than the surrounding ra-
pakivi granite. 

The lithology of the Jaala-Iitti complex was 
probably first mentioned by Moberg (1885) who 
described the rocks of the complex as quartz- and 
feldspar porphyries. Later Lonka (1957, 1960) and 
Lehijärvi and Lonka (1964) described its petrogra-
phy and discussed its petrogenesis. 

Three main rock groups are found in the bimodal 
Jaala-Iitti complex: 1) granites (hornblende granite 

and hornblende-quartz-feldspar porphyry), 2) di-
abase forming magmatic mafic enclaves (MMEs), 
and 3) hybrid rocks. All three are cut by pegmatite 
and aplite dykes, and xenoliths are found through-
out the complex. Contacts between the two rapakivi 
granite types and the hybrid rocks are gradual; no 
sharp contacts indicative of several pulses of felsic 
magmas have been recognised. In terms of minera-
logical and geochemical characteristics, the hybrid 
rocks and hornblende granites grade into each other, 
and therefore exact contacts between these types 
can not be shown. 

The bulk of the complex consists of a homoge-
neous hornblende granite that shows little trace of 
magma mixing and mingling. Only the hornblende-
quartz-feldspar porphyry lacks signs of hybridiza-
tion; it occurs as lens-like bodies in contact with the 
surrounding country rocks. In the eastern part of the 
complex, at Ilvesvuori quarry (samples 91381 and 
91382 in Fig. 2), a gradual change of hornblende 
granite to hornblende- quartz-feldspar porphyry oc-
curs. Salonsaari and Haapala (1994) also included 
in the complex a topaz-bearing quartz-feldspar por-
phyry that occurs in the eastern part of the complex 
(southwest of Ilvesvuori). Areas exposed sub-
sequently in the Ilvesvuori quarry show, however, 
that the topaz-bearing quartz-feldspar porphyry 
does not belong to the complex. 

Mafic end-members of the complex generally 
occur in three different modes, sizes, and composi-
tion: 1) magmatic mafic enclaves, M M E s (term 
used in analogy with Didier & Barbarin 1991b) 
without quartz and feldspar xenocrysts, 2) M M E s 
which show hybrid features such as quartz and 
feldspar xenocrysts, and 3) large (up to 2 meters in 
diameter) pillow-like M M E s which are only found 
in relatively small areas of the southwestern part of 
the complex, north of Lake Kirkkojärvi. Pillow-like 
M M E s show intensive mixing and mingling. 
M M E s occur throughout the complex, but their 
occurrence is marked in Figure 2 only if the average 
proportion of M M E is higher than one M M E per 
square meter. Pillow-like M M E s are distinguished 
f rom the common M M E s with a larger symbol 
pattern in Figure 2. The amount of M M E s seems to 



Fig. 2. Geological map of the Jaala-Iitti complex. Data for the Wiborg batholith and the Svecofennian basement are from Lehijärvi and Tyrväinen (1969) and 
Simonen and Lehijärvi (1963). 
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be lowest in the hornblende-quartz-feldspar por-
phyry, and highest in hybrid rocks. 

Typical hybrid rocks occur for instance at the 
Lokonmäki (Fig. 2, samples 90141A through 
91053F) in the southwestern part of the complex. 
These represent the most thoroughly mixed hybrid 
granite discovered in the complex. Criteria for sepa-
rating hybrid rocks f rom granites is the occurrence 
of quartz grains surrounded by amphibole coronas, 
and the occurrence of textures such as micrographic 
plagioclase-quartz rims around alkali feldspar 
megacrysts as well as the common occurrence of 
MMEs. These criteria are used in the case of the 
Jaala-litti complex because granites resulting f rom 
magma mixing contain ocellar quartz, whereas in 
pure hornblende granites this texture is usually 
lacking even though they may contain quartz 
xenocrysts and xenoliths. The lack of outcrops as 
well as the fact that almost half of the complex is 
underwater makes it difficult to evaluate the exact 
proportion of hybrid rocks in the complex. Hybrid 
rocks dominate the southwestern part of the com-
plex, whereas elsewhere hornblende granite is pre-
dominant. 

Rocks of the complex locally contain varying 
amounts of country rock xenoliths, measuring up to 
several metres in diameter. In the southwestern and 
central parts of the complex, the xenoliths are 
mainly Svecofennian granitoids and gneisses and, 
to a lesser extent, rapakivi granites (porphyritic 
rapakivi granite and pyterlite). In the east, xenoliths 
are mainly rapakivi granite. Locally xenoliths may 
be partially disintegrated and they are assumed to 
be one source of xenocrysts for the different rock 
types of the complex. 

P E T R O G R A P H Y O F T H E JAALA-IITTI 
C O M P L E X 

The modal composition of the granites, magmatic 
mafic enclaves, and hybrid rocks of the Jaala-litti 
complex are plotted in a quartz-alkali fe ldspar-pla-
gioclase (QAP) diagram (Streckeisen 1973, 1976) 
in Figure 3. 

Q 

GRANITES MAGMATIC MAFIC ENCLAVES 

O Hornblende granite A (small) MME \ M < g o 

• Hornblende-quartz- • Pillow-like MME J < 

feldspar porphyry 

• HYBRID ROCKS 

Fig. 3. Modal compositions of hornblende granites, 
hornblende-quartz-feldspar porphyries, MMEs, pillow-
like MMEs, and hybrid rocks of the Jaala-litti complex 
presented in a QAP-diagram after Streckeisen (1973, 
1976). 

Granites 

The granites forming the Jaala-litti complex are 
predominantly hornblende granite with minor 
amounts of hornblende-quartz-feldspar porphyry. 
Both types have their own petrographical charac-
teristics, and their petrography as well as mineral 
chemistry and geochemistry are described sepa-
rately. There is no indication that hornblende gran-
ite and hornblende-quartz-feldspar porphyry re-
sulted f rom distinct intrusive episodes. The 
hornblende-quartz-feldspar porphyry probably rep-
resents a hornblende granite that crystallized rap-
idly. This is based on the observation that the rock 
usually exists in the vicinity of contact of the com-
plex and that geochemically it is similar to the 
hornblende granite. The lack of outcrops through-
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out the complex precludes knowing whether the 
rock represents the contact facies everywhere. 

Hornblende granite 

The hornblende granite is generally a dark red equi-
granular homogeneous rock. Locally, however, it 
shows mineralogical variations ranging f rom an 
equigranular hornblende granite to a porphyritic 
hornblende-quartz-feldspar porphyry. The occur-
rence of M M E s is lower here than in the hybrid 
rocks; usually less than one per square meter. The 
hornblende granite shows porphyritic features with 
phenocrysts of plagioclase, non-mantled alkali 
feldspar, and quartz in a hypidiomorphic-granular 
matrix. Rarely, thin and discontinuous amphibole 
mantles surrounding quartz may be present near 
Svecofennian granitoid xenoliths. The size of the 
alkali feldspar and plagioclase phenocrysts is com-
monly under 5 cm and 3 cm in diameter, respec-
tively. The grain size of plagioclase, hornblende, 
and quartz in the matrix varies f rom 1 to 4 mm. 

Plagioclase (An34) phenocrysts may show syn-
neusis twins, and usually are only slightly serici-
tized. Inclusions of amphibole, quartz, and some-
times fayalite, r immed by amphibole, occur. 

Corroded calcic plagioclase with more sodic 
rims (compositionally similar to the matrix) in gra-
nitoids have been described as a restite component 
(e.g., Presnall & Bateman 1973, White & Chappell 
1977, Chappell 1978, Chen et al. 1990). Similar 
plagioclases were also found in the hornblende 
granites of the Jaala-litti complex where altered, 
more calcic (An5o_53) plagioclase is surrounded by 
an oligoclase (An2o-35) rim that is compositionally 
similar to matrix plagioclases. Corroded grains are 
usually altered to sericite and their diameter is under 
2 mm. In case of the Jaala-litti complex, such grains 
could be restites but are more likely to be xenocrysts 
derived from an earlier gabbroic or anorthositic 
magma. 

Alkali feldspar phenocrysts often contain inclu-
sions, especially in the outer part of the phenocrysts: 
quartz, amphibole, plagioclase, biotite, and apatite. 
Plagioclase and amphibole inclusions are usually 
subhedral. Quartz inclusions are usually concave 

and occasionally euhedral. The occasional euhedral 
quartz inclusions in alkali feldspar phenocrysts in-
dicate relatively early crystallization of quartz. Pla-
gioclase inclusions in the outer part of the alkali 
feldspar phenocrysts have a thin shell of albite, but 
thin rims of quartz are also present. Perthitic alkali 
feldspar phenocrysts may contain zonally arranged 
round quartz inclusions, most of them with a similar 
optical orientation. Micrographic texture, typical of 
the hybrid rocks of the Jaala-litti complex is lacking 
in both alkali feldspar megacrysts and matrix. Gra-
nophyric quartz intergrowth in alkali feldspar is 
occasionally visible. Plagioclase mantles surround-
ing alkali feldspar megacrysts and rock fragments 
occur in hornblende granites of the complex. In 
Figure 4, a porphyritic rock fragment surrounded by 
plagioclase is shown; plagioclase in the mantle is 
almost completely seritized. 

Fig. 4. Photomicrograph of alkali feldspar megacryst 
and rock fragment with a strongly seritized plagioclase 
mantle. Sample 9046. Width of the picture corresponds 
to 11.5 mm. 



Amphibole occurs as large grains with occa-
sional remnants of pyroxene and fayalite. Large 
amphibole grains ( 0 = 2 - 3 cm) are usually subhe-
dral whereas smaller grains in the matrix are anhe-
dral and 0.5 to 1.0 cm in diameter. The fact that 
amphibole occurs both as phenocrysts and inclu-
sions in other minerals suggests that amphibole 
crystallization continued throughout the crystal-
lization of the rock. Amphibole also occurs in ir-
regular aggregates with quartz and minor feldspars. 
The size of the aggregates is up to 1 cm in diameter; 
inclusions are common, being mainly apatite, Fe-Ti 
oxide, and quartz. Commonly anhedral amphibole 
has both magnetite and ilmenite inclusions whereas 
the matrix of the hornblende granite contains lamel-
lar magneti te-i lmenite intergrowths. Pyrite inclu-
sions also occur as well as apatite inclusions which 
are usually zoned; this is not the case with individ-
ual grains in the matrix. The crystallization history 
of F e - M g silicates has started with fayalite which 
is always r immed by amphibole. At later stages 
amphibole has crystallized simultaneously with 
plagioclase with biotite occurring in the interstices. 

Hornblende-quartz-feldspar porphyry 

In contact with the basement rocks are a few occur-
rences of a dark, nearly black porphyritic rapakivi 
granite that Lehijärvi and Lonka (1964) called 
tirilite. This rock forms lens-like bodies (usually 
under 50 m in diameter) that grade into hornblende 
granite. The rock has occasional some xenocryst-
free M M E s with a diameter less than 10 cm. On a 
weathered surface the rock is lighter with distinc-
tive dark amphibole (±fayalite) spots (Fig. 5). The 
contact between the hornblende-quartz-feldspar 
porphyry and the topaz-bearing quartz-feldspar 
porphyry that forms the country rock of the com-
plex at Ilvesvuori (Fig. 2) is strongly sheared. 

The hornblende-quartz-feldspar porphyry has al-
kali feldspar, plagioclase, quartz, and amphibole 
phenocrysts varying f rom 1 to 3 mm in diameter in 
a fine-grained (ca. 0.1 mm) matrix (Fig. 6). Plagio-
clase (An32_37) phenocrysts are commonly subhe-
dral-euhedral and corroded. They occasionally 
have inclusions of euhedral quartz, but more often 
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amphibole inclusions with a fayalite core. Some 
quartz phenocrysts show an euhedral bipyramid 
shape. Plagioclase phenocrysts commonly are ag-
gregates (synneusis). Alkali feldspar phenocrysts in 
the hornblende-quartz-feldspar porphyry are 
rounded and usually strongly corroded. They do not 
contain perthitic albite and inclusions are relatively 
rare, but if present, they are mainly quartz, but 
amphibole (±fayalite) and plagioclase are also 
found. Inclusions are commonly situated in the 
outer part of the alkali feldspar phenocrysts where 
they form a regular rim of amphibole (±apatite). 
The grain size of plagioclase inclusions is usually 
under 0.3 mm in diameter, but occasionally inclu-
sions reach a size of 0.8 mm in diameter. Amphibole 

Fig. 5. Hornblende-quartz-feldspar porphyry (left) in 
(E-W trending) contact with topaz-bearing quartz-
feldspar porphyry in Ilvesvuori. The dark spots in the 
hornblende-quartz-feldspar porphyry are fayalite phe-
nocrysts rimmed by amphibole. Width of the picture 
corresponds to 17 cm. 
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F/g. 6. Photomicrograph of hornblende-quartz-feld-
spar porphyry (sample 91302) at Ilvesvuori. The ma-
trix consists of quartz, alkali feldspar, and plagioclase. 
Width of the picture corresponds to 11.5 mm. 

occurs as ragged phenocrysts with remnants of fay-
alite (Fo3_5) as inclusions. The grain size of the 
fayalite can be up to 1 mm in diameter. Granophyric 
quartz intergrowths are visible only adjacent to the 
alkali feldspar (and sometimes the plagioclases). 

The matrix (grain size 0.05 to 0.1 mm) of the 
hornblende-quartz-feldspar porphyry consists of 
plagioclase, alkali feldspar, quartz, apatite, Fe -T i 
oxide, and zircon. Some fluorite is also found. II-
menomagneti te is more common in the hornblende-
quartz-feldspar porphyry than in the other rock 
types of the complex. Amphibole and biotite are 
minor phases in the matrix. 

The mineralogy and the mode of occurrence 
suggest that the hornblende-quartz-feldspar por-
phyry represents a contact facies of the hornblende 
granite. It shows little trace of magma mingling, 

more of mixing, and it is therefore used as a felsic 
end-member in the calculation of magma mixing 
relations. 

Magmatic mafic enclaves 

Small MMEs and pillow-like MMEs 

MMEs in the Jaala-litti complex represent disag-
gregated mafic magma that has been intruded into 
a felsic magma; they represent the mafic end-mem-
ber of the complex. M M E s occur as f ragments of 
varying size, usually less than 50 centimetres in 
diameter (Fig. 7). They exist commonly throughout 
the complex but they are more common in hybrid 
rocks. No large separate mafic bodies or related 
dykes were discovered within or in the vicinity of 
the complex. 
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Fig. 7. MMEs in a hybrid rock from the Lokonmäki 
quarry (sample 90141). The smallest MMEs are under 
1 cm in diameter. Width of the picture corresponds to 
19 cm. 
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M M E s in the Jaala-Iitti complex are separated 
into two groups based on their size. Those mafic 
enclaves referred as M M E s represent the main 
mafic end-member throughout the complex; they 
have varying amounts of feldspar and quartz 
xenocrysts. M M E s without xenocrysts also occur 
and they are assumed to represent the initial (di-
abase) composition. In the southwestern part of the 
complex, north of lake Kirkkojärvi, M M E s occur in 
tight clusters composing more than 50 vol% of the 
rock. Their diameter ranges f rom a few centimetres 
up to two metres in diameter and they are separated 
f rom other M M E s of the complex by using the term 
"pillow-like" which is commonly adopted to de-
scribe relatively large M M E s with voluminous oc-
currence (see e.g., Didier & Barbarin 1991b). Their 
relative amount in the more felsic (hybrid) host is 
distinctly higher than in other parts of the complex. 
Pillow-like M M E s compared to other M M E s shows 
a more intensive intermingling of feldspar and 
quartz xenocrysts (Fig. 8) f rom granite. 

There appears to be no correspondence of the 
abundance and occurrence of M M E s in relation to 
the contacts; they occur, in approximately equal 
frequency, both in the central part of the complex 
and near the contacts. Note that even though M M E s 
can be found throughout the complex, they are 
marked on the geological map only if their propor-
tion is over one M M E per square meter. 

Figure 9 shows the size and orientation of MMEs 
and pillow-like M M E s f rom the Jaala-Iitti complex. 
Usually M M E s in hybrid rocks (Lokonmäki), horn-
blende granites (Keitaanmäki, Hausanniemi), and 
hornblende-quartz-feldspar porphyry (Ilvesvuori; a 
transition zone between hornblende granite and 
hornblende-quartz-feldspar porphyry) are under 50 
cm in diameter, with an average of about 10 cm. The 
shape of the M M E s is commonly ovoidal with a 
length-width ratio less than 3, and only rarely with 
a ratio f rom 5 to 7. It is probable that the orientation 
(Fig. 9) and shape of the M M E is controlled mainly 
by the f low of the host magma. The orientation of 
M M E s is parallel to the contacts of the complex in 
the Kirkkojärvi, Lokonmäki , and Keitaanmäki ar-
eas. In the Keitaanmäki and Hausanniemi locations 
(Fig. 9) the orientations of M M E s may be related to 

Fig. 8. Part of a pillow-like MME with alkali feldspar, 
quartz, and plagioclase xenocrysts. Note also a com-
posite hybrid enclave and an alkali feldspar megacryst 
partially enclosed in the MME. North of lake Kirkko-
järvi, western part of the complex. The diameter of the 
coin is 2.4 cm. 

the SE-trending offsets of the complex. It should be 
noted that measurements of the orientation are f rom 
horizontal sections in outcrops. 

The contact of the M M E s against the host rock 
is usually sharp and crenulated (Fig. 7). Indications 
of rapid crystallization of the mafic magma against 
the felsic magma such as chilled contacts, are rare; 
these chilled margins may contain some feldspar 
and quartz xenocrysts. More often a gradational 
change is visible as the grain size is larger in the 
margin than the central part of the M M E . M M E s are 
occasionally surrounded by a thin (less than one 
cm) felsic zone unusually of the hybrid rock. 

Some, especially pillow-like MMEs , show tex-
tures suggesting the f low of a mafic magma in a 
more viscous felsic magma. Field observations of 
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Fig. 9. Figure showing length, width, and orientation of MMEs from the hybrid rock (Kirkkojärvi, Lokonmäki) and 
hornblende granite (Keitaanmäki, Hausanniemi, Ilvesvuori). MMEs with and without xenocrysts are separated. 
Lines within figures represent length-width ratios of MMEs. See text for discussion. 

several M M E s show that the direction and possible in Figure 10. A tip of the M M E separated parts of 
rotation of mafic magma (MME) can be evaluated the mafic magma that have and have not been under 
on the basis of the four diagnostic features as shown the influence of erosion caused by movement of the 
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Fig. 10. Drawings based on horizontal sections of pillow-like MMEs of various sizes from north of lake Kirkkojärvi, 
western part of the complex. Arrows indicate components direction of movement and rotation at: (I) a tip of the 
MME, (II) cur\>ed part of the MME, (III) sheltered part of a MME with limited disintegration and small-scale con-
vection of the mafic magma, and (IV) a tail of the MME showing disintegration of the mafic magma into smaller 
patches. See text for discussion. 
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mafic magma from those parts which have been 
sheltered. Active mechanical erosion of the mafic 
magma is visible as a smooth curved part of the 
MME. The typical shape of the sheltered part of the 
M M E is a strongly crenulated margin, and it possi-
bly shows small scale convection that indicates 
f low and rotation direction of the mafic magma. 
Viscosity contrast and movement also cause disin-
tegration of the mafic magma into smaller magma 
globules forming a tail. These features tell about 
two phenomena. Firstly, mafic magma has moved 
within the felsic magma in a liquid stage, and it is 
presumed that this movement is caused by injection 
of mafic magma into a felsic magma. The possibil-
ity that a felsic magma was injected into mafic 
magma in not a probable explanation for generating 
the structures described above. This hypothesis is 
also supported by the existence of alkali feldspar, 
plagioclase, and quartz xenocrysts in the MMEs; 
these having been captured f rom the partially crys-
tallized felsic magma surrounding the mafic 
magma. Secondly, structures indicating movement 
and rotation are found mainly in pillow-like M M E 
which are larger than M M E s in other parts of the 

complex. The pillow-like M M E s probably repre-
sent less disintegrated globules of the injected mafic 
magma, and that M M E s in the other parts of the 
complex result f rom a higher rate of disintegration 
of the mafic magma generating ovoidal M M E s 
which have disintegrated into smaller enclaves and 
have become rounded during movement in the fel-
sic magma. 

Mode of occurrence of MME's and pillow-like 
MME's xenocrysts 

Composi te M M E s are found especially in the hy-
brid rock and pillow-like MMEs. They usually 
show a similar modal composition to the host M M E 
in the latter occurrence, but the grain size is smaller. 
Commonly composite M M E s are xenocryst-free, 
but not invariably (Fig. 8). Mineral compositions 
and geochemistry show that these M M E s are simi-
lar to the least evolved M M E s of the complex. The 
occurrence of composite enclaves indicates that at 
least two mafic magma pulses (with similar compo-
sition) have been intruded into the felsic magma. 



18 Pekkci T. Salonsaari 

One criteria for subdividing M M E s in the Jaala-
Iitti complex is the occurrence of alkali feldspar and 
quartz xenocrysts, occasionally also plagioclase. 
M M E s without xenocrysts occur more commonly 
in hornblende granites and hornblende-quartz-feld-
spar porphyries (see Fig. 9: Keitaanmäki, Hausan-
niemi, Ilvesvuori) with size of ca. 5 cm in diameter. 
Alkali feldspar, quartz, and especially plagioclase 
xenocrysts in M M E s are usually strongly corroded 
and they appear to be aggregates of several crystals 
(synneusis). Sometimes these xenocrysts are lo-
cated partially within the M M E and partially in the 
felsic rock. This is in accordance with the assump-
tion that the xenocrysts were entrained by the mafic 
magma f rom a surrounding partially crystallized 
felsic magma (Fig. 8). 

The diameter of the alkali feldspar, plagioclase, 
and quartz xenocrysts in M M E s are usually under 
3 cm; commonly between 0.5 and 1 cm. Alkali 
feldspar xenocrysts usually contain concave quartz 
and are perthitic. All xenocrysts are strongly cor-
roded and seritization of plagioclase especially is 
ubiquitous. Quartz xenocrysts may be r immed by a 
fine-grained amphibole (ocellar texture), which is 
also typical for hybrid rocks of the complex. Alkali 
feldspar xenocrysts show inclusions such as plagio-
clase and quartz, and inclusion rim of amphibole 
often occurs in the margins of alkali feldspar and 
plagioclase xenocrysts. Some anhedral quartz may 
also be present. 

Mantling of alkali feldspar xenocrysts by plagio-
clase can be generated by magma mixing (c.f., 
Hibbard 1981, 1991) and is occasionally found in 
some pillow-like MMEs . The occurrence of this 
texture seems to be correlated with the degree of the 
hybridization; in general, alkali feldspar xenocrysts 
in M M E s are not mantled but those in pillow-like 
M M E s are often surrounded by plagioclase and 
micrographic quartz(±plagioclase) mantles (Fig. 
11). The alkali feldspar megacrysts are sometimes 
pigmented; in these instances the pigment also oc-
curs in the plagioclase and micrographic rims. Be-
tween the micrographic and plagioclase rims in 
Figure 11 is a zone of apatite crystals. Their shape 
is stubbier than that of those in the matrix of the 
pillow-like MMEs. They probable do not represent 

entrained apatite from the mafic magma but repre-
sent a diffusion front of Ca, F, and P formed at 
relatively high temperatures in the first stages of 
hybridization. 

Minerals in the matrix of M M E s are usually 
compositionally identical to those in the host rocks 
but their relative abundance and grain size differs. 
Modal composition of the MMEs differs with the 
degree of hybridization, but commonly the main 
minerals are hornblende and plagioclase with Fe -T i 
oxides. Augite is frequently found in MMEs , but it 
is lacking in pillow-like MMEs. Occasional phe-
nocrysts of pigeonite and enstatite also occur in 
xenocryst-free M M E s with altered rims indicating 
disequilibrium with the host rock; they probably 

Fig. 11. Photomicrograph of an alkali feldspar 
xenocryst with a plagioclase mantle (plm) and mi-
crographic texture (met) in a pillow-like MME from 
north of lake Kirkkojärvi, western part of the complex. 
The width of the picture corresponds to 0.8 mm. 
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represent phases stable in the magma before hy-
bridization. 

Typical accessory minerals in pillow-like M M E s 
are biotite, magnetite, and apatite. No olivine has 
been found; interstitial quartz is usually present in 
small amounts. Plagioclase in the matrix of the 
M M E s forms 0 .1-0 .2 m m long laths, but larger (0.5 
mm) plagioclase crystals occur. Green-yel lowish 
green amphibole occasionally forms a spherulitic-
like texture with ilmenite. Biotite content is high 
only in the pillow-like MMEs , where biotite with 
varying degrees of chloritization as well as amphi-
bole may occur as phenocrysts up to two millime-
tres in diameter. Biotite may occur as chloritized 
grains but also as elongated grains termed blade 
biotite by Hibbard (1991). Pillow-like M M E s show 
a microgranular texture whereas spherulites and 
subophitic textures typical of other M M E s are rare. 

Hybrid rocks 

Hybrid rocks of the Jaala-Iitti complex usually oc-
cur as relatively small units in hornblende granites 
and are characterized by a greater abundance of 
M M E s (see Fig. 7) compared to the hornblende 
granites. In the hybrid rocks, the quartz grains are 
r immed by amphibole+augite (ocellar texture; Fig. 
12) and alkali feldspar megacrysts are mantled by 
plagioclase-quartz intergrowths (micrographic tex-
ture; Fig. 13). When megacrysts are lacking in the 
hybrid rocks, the micrographic texture occurs in the 
matrix (Fig. 14). Compared to the hornblende gran-
ites, hybrid rocks are greyer on nonweathered sur-
faces. Higher modal plagioclase content (22-40 
vol%) in the hybrid rocks compared to the granite 
(10-25 vol%) varieties of the Jaala-Iitti complex 
leads to a monzogranitic composition (Fig. 3) for 
the hybrid rocks. The hybrid rocks also have a 
greater abundance of needle-like apatite crystals 
compared to the granites of the complex. Hybrid 
rocks are usually rather homogeneous but local 
variations are found mainly in the amounts of alkali 
feldspar, plagioclase, and quartz megacrysts as well 
as grain size, and the presence or mantling textures. 

Locally, there are large amounts of xenoliths 
(Svecofennian granitoid rocks and rapakivi gran-

ites) and these are accompanied by a large number 
of megacrysts. This suggests that not all megacrysts 
in the hybrid rocks are f rom the hornblende granite 
or the hornblende-quartz-feldspar porphyry. Some 
of them are f rom disaggregated xenoliths. This is 
the probable explanation for the larger (over 10 cm 
in diameter) alkali feldspar megacrysts in the hybrid 
rock. In the granites of the complex, alkali feldspar 
phenocrysts rarely reach five centimetres in diame-
ter. 

The matrix of the hybrid rocks is fine- to me-
dium-grained and is mainly alkali feldspar, plagio-
clase (An25_4o)> quartz, and amphibole. Minor 
amounts of augite, biotite, F e - T i oxide (mainly 
ilmenite), needle-like apatite, fayalite, and chlorite 
occur. Zircon content in the hybrid rocks is low 
compared to that of granites in the complex. 

Fig. 12. Hybrid rock from the Lokonmäki quarry with 
an alkali feldspar ovoid composed of several sectorially 
intergrown crystals. Note also quartz mantled by am-
phibole and alkali feldspar megacrysts with micro-
graphic rim. Width of the picture corresponds to 16 cm. 
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Fig. 13. Hybrid rock from the Lokonmäki quarry with 
a alkali feldspar ovoid mantled by micrographic inter-
growth of feldspar and quartz. Width of the picture cor-
responds to 14 cm. 

Fig. 14. Photomicrograph of the matrix of the hybrid 
rock with widespread micrographic texture and two 
quartz ocelli at the top-left and top-right corners. 
Width of the picture corresponds to 2.1 mm. 

Pyroxene and fayalite are found only as corroded 
remnants surrounded by amphibole or as irregular 
masses with amphibole, Fe-Ti oxide, and apatite. 
Amphibole with pyroxene and olivine occasionally 
forms aggregates including secondary biotite. This 
suggests that pyroxene and olivine were not in 
equilibrium with the main minerals of the matrix, 
i.e., plagioclase, alkali feldspar, and quartz, perhaps 
also amphibole. 

The amount of biotite is variable but usually 
small. Biotite commonly occurs interstitially, but 
may form larger grains up to one millimetre across. 
Biotite is altered to chlorite and only rarely contains 
inclusions of apatite, zircon, or amphibole. 

Amphibole usually forms anhedral grains and 
occasionally elongated crystals, but may also form 
euhedral grains up to 0.5 mm in diameter. Amphi-
bole is also found r imming quartz crystals and 
quartz aggregates but some plagioclase megacrysts 
have been found rimmed by amphibole also with 
occasional augite inclusions. Amphibole surround-
ing quartz forms anhedral grains but when sur-
rounding plagioclase it may show a more elongated 
shape where the long dimension of amphibole is 
perpendicular to the plagioclase. This is contrary to 
orientation of amphiboles surrounding quartz (ocel-
lar texture) where the long dimension of the amphi-
bole is usually parallel to the grain boundary. 
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Plagioclase megacrysts are commonly subhedral 
but may show euhedral grain boundaries especially 
with biotite. Seritization is usually pervasive 
throughout the megacrysts but may only be visible 
in the outer part of the plagioclase. Some plagio-
clase megacrysts may show amphibole inclusions 
throughout the grain along with euhedral apatite. In 
these cases more antiperthite is visible. Antiperthi-
tic zones also occur in the outer part of the plagio-
clase megacrysts, again with amphibole inclusions 
and some apatite. In the matrix of the hybrid rock, 
plagioclase forms laths up to 0.5 m m in diameter. 

Alkali feldspar megacrysts and mineral aggre-
gates are up to 10 cm in diameter, and they some-
times consist of several sectorially intergrown units 
(Fig. 12). Alkali feldspar megacrysts are usually 
r immed by a micrographic plagioclase-quartz in-
tergrowth but also by a (alkali feldspar-quartz) 
granophyric intergrowth on the outer part of the 
megacrysts. Micrographic texture in the matrix is 
closely related to the presence of alkali feldspar 
grains where quartz forms sets of elongated crystals 
in the outer part of the grain oriented perpendicular 
to the matrix and especially toward plagioclase and 
quartz, but randomly toward amphibole or biotite. 
Occasionally the whole grain contains graphic 
quartz. This graphic texture may replace whole 
small alkali feldspar grains now recognized only by 
grain boundary remnants. This graphic texture is 
also present when occurring on the outer part of the 
grain surrounding the euhedral core of an alkali 
feldspar. 

Rims around alkali feldspar megacryst are usu-
ally composed of micrographic plagioclase-quartz 
intergrowths. Some plagioclase intergrowths have 
also been identified f rom the rocks of the complex 
occurring in two different modes. Plagioclase inter-
growths are also present in hornblende granites 
where there is a rim of usually thin seritized plagio-
clase (Fig. 4). A second type observed in inter-
growths contains numerous inclusions of amphi-
bole and in this case the plagioclase is less seritized 
(Fig. 15). The composition of plagioclase is similar 
to that of the matrix (An28-37) but small remnants of 
more calcic plagioclase (An5 2) may occur as a core 
for the rim plagioclase. It is possible that in the first 

Fig. 15. Photomicrograph of plagioclase intergrowth 
in a hybrid rock. Note the amphibole inclusions in pla-
gioclase and fringed quartz between the plagioclase 
and alkali feldspar megacryst. Width of the picture cor-
responds to 6.1 mm. 

case the texture represents a plagioclase inter-
growth formed mainly before hybridization or that 
it represents a disequilibrium type of crystallization 
after a hybridization event. The latter type of pla-
gioclase intergrowth is more likely to have formed 
just after the hybridization event before chemical 
equilibrium was reached and a more calcic plagio-
clase began to precipitate. 

P E T R O G R A P H I C A L E V I D E N C E OF 
H Y B R I D I Z A T I O N 

Hibbard (1991; see also Hibbard 1981) lists twelve 
textures reflecting possible magma mixing: 1) ra-
pakivi texture, 2) antirapakivi texture, 3) poikilitic 
texture in quartz or K-feldspar, 4) sphene with 
ocellar texture, 5) quartz-hornblende in ocellar tex-
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ture, 6) hornblende/biotite zones in K-feldspar phe-
nocrysts, 7) blade biotite, 8) acicular apatite, 9) 
small plagioclase laths, 10) spike zones in plagio-
clase, 11) boxy cellular plagioclase, and 12) spongy 
cellular plagioclase. Most of the textures described 
above and attributed to magma mixing systems are 
also found in the MMEs, pillow-like MMEs , and 
hybrid rocks of the Jaala-Iitti complex. Those that 
were not recognized are sphene ocellar texture, 
antirapakivi texture, and poikilitic alkali feldspar. 
Poikilitic quartz, however, occurs commonly in 
micro-enclaves. Plagioclase forms a common 
xenocryst in pillow-like MMEs, and disequilibrium 
and dissolution textures in Hibbard 's categories 
10-12 are present in the plagioclase megacrysts of 
the M M E s and hybrid rocks. Small lath-shaped 
plagioclase is also common in hybrid rocks and the 
M M E s of the complex. Blade-shaped biotite is 
found especially in pillow-like MMEs, but also in 
M M E s where it forms elongated grains and occurs 
interstitially (Hibbard 1991). Hornblende (±plagio-
clase±apatite) zones are common in alkali feldspar 
and plagioclase megacrysts, usually in the outer part 
of the grains, and were formed in the early stages of 
hybridization in a similar way to quartz r immed by 
amphibole (Hibbard 1991). Thus, whilst this texture 
is common in hybrid rocks, it is also commonly 
found in non-hybrid rocks, i.e., hornblende granite 
and hornblende-quartz-feldspar porphyry of the 
complex. So, despite the disequilibrium between 
feldspar megacrysts and their host magmas, the 
texture also results f rom heterogeneous crystal-
lization or changes in crystallization order. Three of 
the remaining textures indicating magma mixing, 
rapakivi texture, micrographic texture, 
quartz-hornblende ocellar texture, and acicular 
apatite are commonly visible in the hybrid rocks, 
MMEs, and pillow-like M M E s of the Jaala-Iitti 
complex. 

Mantled alkali feldspar ovoids 

Two different modes of mantled alkali feldspar 
megacrysts occur in the rocks of the Jaala-Iitti com-
plex. Mantling of alkali feldspar by plagioclase is 
found in hornblende granites (Fig. 4), pillow-like 

M M E s (Fig. 11), and hybrid rocks (Fig. 15). Alkali 
feldspar megacrysts in the hybrid rocks, MMEs , 
and pillow-like M M E s are more commonly man-
tled by a rim of micrographic plagioclase-quartz 
intergrowth (Fig. 12). Some similarities between 
micrographic texture and plagioclase mantles may 
be noted, but whether these textures are formed by 
similar mechanisms is questionable. Petrographic 
similarities supporting their close relationship and 
origin are: 1) alkali feldspar forming ovoids is oc-
casionally replaced by both plagioclase and mi-
crographic texture (Fig. 11), 2) both intergrowths 
(Fig. 13) have also been observed surrounding dis-
aggregated granitoid xenoliths, 3) intergrowths 
may exist together in the same alkali feldspar 
xenocryst in pillow-like M M E s (Fig. 11), both 
probably formed after capture of the xenocryst by a 
mafic magma, 4) alkali feldspars show exsolution 
of albite (and possible some quartz) and they con-
tain usually numerous inclusions, 5) both textures 
usually contain varying amounts of amphibole, 
Fe-Ti oxide, and occasionally apatite (inclusions), 
and 6) both textures are found in hybrid rocks of the 
complex. Some plagioclase in micrographic texture 
also shows a larger grain size with more rapakivi 
texture-like appearance. The plagioclase mantles in 
the rocks of the Jaala-Iitti complex, however, con-
tain only small amounts of quartz when compared 
with that of micrographic texture. Plagioclase form-
ing complete rims is usually strongly seritized; only 
some discontinuous unaltered plagioclase mantles 
in pillow-like M M E s are found. Plagioclase man-
tles on alkali feldspar megacrysts also occur to 
some extent in hornblende granites where a mi-
crographic texture is lacking. Because mi-
crographic texture seems to be correlated with hy-
brid rocks, this chapter will concentrate mainly on 
its origin. The term micrographic texture is used 
here for that plagioclase-quartz intergrowth which 
is mantling alkali feldspar megacrysts (Fig. 16), 
whereas granophyric intergrowth (Fig. 17) de-
scribes a quartz-alkali feldspar symplectite within 
the alkali feldspar megacryst or as radiating fringes 
of quartz on the borders of alkali feldspar as defined 
by Smith (1974). 
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Fig. 16. Photomicrograph of micrographic texture sur-
rounding an alkali feldspar megacryst in a hybrid rock 
of the Jaala-litti complex. Width of the picture corre-
sponds to 8.0 mm. 

The micrographic rim (Fig. 16) is usually less 
than one millimetre thick, but may occasionally be 
up to one centimetre thick. Usually large alkali 
feldspar megacrysts tend to be aggregates of alkali 
feldspar with quartz and plagioclase. Micrographic 
texture is also found mantling large granitoid xeno-
liths. Individual alkali feldspar grains mantled by 
micrographic texture are anhedral and corroded and 
contain numerous inclusions of quartz and plagio-
clase (An28-3o)- Plagioclase inclusions are r immed 
by quartz and occasionally by albite. Plagioclase 
inclusions are commonly euhedral and form grains 
of 0.5 m m in diameter. Quartz is also usually pre-
sent within alkali feldspar megacrysts and occurs as 
a rim on plagioclase, as individual drop quartz 
grains, and quartz grains which are concave towards 
the matrix and form granophyric intergrowths. Gra-

Fig. 17. Photomicrograph of granophyric intergrowth 
in alkali feldspar megacryst (af) occurring in contact 
with quartz (qz) in a rapakivi granite xenolith from the 
hybrid rock of the Jaala-litti complex. Note also a 
swapped albite rim (arrow) between the alkali feld-
spars. Width of the picture corresponds to 0.8 mm. 

nophyric intergrowths occur in the outer part of the 
large alkali feldspar megacrysts (Fig. 17) but are 
also common in the matrix of the hybrid rocks 
replacing alkali feldspar grains. Quartz grains also 
occur between the alkali feldspar grains implying a 
xenolith origin for the mantled aggregates. Quartz 
is also found between the alkali feldspar ovoid and 
plagioclase mantle with fr inged shape (Fig. 15). 

The contact between the micrographic rims and 
the alkali feldspar megacrysts are usually sharp and 
granular with alkali feldspar replaced by the mi-
crographic plagioclase-quartz intergrowth (Fig. 
18a; see also Figs. 11 and 16). Usually alkali feld-
spar megacrysts contain perthitic albite as in Figure 
18b (compare to Fig. 18c). Near the outermost part 



24 Pekkci T. Salonsaari 

of the alkali feldspar megacryst there is occasion-
ally a zone of anhedral apatite inclusions. This 
feature is also found in some mantled alkali feldspar 
xenocrysts in pillow-like MMEs , and they probably 
result f rom slow diffusion and enrichment of Ca, P, 
F, and H 2 0 at the border between the alkali feldspar 
and the host magma. The average size of the plagio-
clase grains in a micrographic rim is 0.1 to 0.5 mm. 
They appear as individual grains separated by 
quartz, but they may also form larger grains up to 4 
mm in diameter. Elongated anhedral quartz in the 
micrographic rim is usually oriented toward the 
matrix of the host rock (Figs. 18d and 18e). The 
average grain size of quartz in the micrographic 
texture is 0.2 mm. Usually the micrographic rims 
lack alkali feldspar (Fig. 18f). 

At least three different models for the origin of 
the alkali feldspar megacrysts with micrographic 
rims can be postulated. They may represent: (1) 
phenocrysts that crystallized f rom the magma that 

formed the host rock, (2) megacrysts captured f rom 
the felsic end-member of the complex during hy-
bridization, or (3) xenocrysts derived f rom disag-
gregated country rock xenoliths. Derivation of the 
alkali feldspar megacrysts from the granite varieties 
(hornblende granite, hornblende-quartz-feldspar 
porphyry) of the complex is a reasonable possibility 
but does not explain all alkali feldspar megacrysts, 
as granites of the complex do not contain such large 
alkali feldspar phenocrysts (> 10 cm) as some of the 
megacrysts are. In pillow-like M M E s and MMEs , 
the diameter of the alkali feldspar megacrysts rarely 
reaches 3 cm and it is, therefore, presumed that most 
of the alkali feldspar xenocrysts are derived f rom 
the partially crystallized felsic or hybrid members 
of the complex. 

Disintegration of porphyritic rapakivi granite 
xenoliths has locally produced large alkali feldspar 
and quartz xenocrysts in the hybrid rocks (Fig. 19). 
Porphyritic rapakivi granite xenoliths have been 

Fig. 18. (a) Scanning electron microscope images of an alkali feldspar megacryst in hybrid rock of the Jaala-litti 
complex (1) surrounded by a micrographic rim (2) in hybrid rock matrix (3). Figures show distribution of (b) Na, 
(c) Ca, (d) Si, (e) AI, and ( f ) K. 
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Fig. 19. Disaggregation of a porphyritic rapakivi gran-
ite xenolith (left) producing alkali feldspar and quartz 
xenocrysts in the hybrid rock of the Jaala-litti complex. 
Width of the picture corresponds to 19 cm. 

found mostly in the eastern part of the Jaala-litti 
complex, but also less commonly in the western 
part, where the xenoliths can be up to several meters 
in diameter. The country rocks in the western part 
of the complex are Svecofennian (Fig. 2), and the 
occurrence of porphyritic rapakivi granite xenoliths 
in that area suggests that they were entrapped at 
deeper levels. 

Melting of the rapakivi granite xenoliths starts 
along the grain boundaries resulting in quartz grains 
r immed and partially replaced by amphibole, and in 
partially separated alkali feldspar megacrysts. Al-
kali feldspar megacrysts are abundant near large 
xenoliths, and they are usually mantled by mi-
crographic rims. Micrographic texture is also more 
common in the matrix of the hybrid rock near the 
xenolith where it occurs either as cellular mass or 

as a granophyric intergrowth surrounding and re-
placing alkali feldspar. 

Granophyric intergrowths generally have bulk 
compositions close to the minimum melt composi-
tion in the 0 r - A b - Q z - H 2 0 system (Smith 1974). 
Within the xenolith. the incipient melting results in 
granophyric intergrowth of quartz in alkali feldspar 
megacrysts (Fig. 17). The thickness of the grano-
phyric zone is usually less than 0.3 mm against 
quartz grains, but it can reach thicknesses of 2 mm 
when the alkali feldspar megacryst is in contact with 
hybrid rocks. In the latter case there is also more 
plagioclase in the micrographic rim. Quartz in the 
granophyric zone is elongated towards the enclos-
ing quartz (Fig. 17). The boundary between alkali 
feldspars in a disaggregated granitoid xenolith is 
often crenulate and host to swapped albite rims (Fig. 
17). Granophyric texture is occasionally visible as 
fringed quartz in plagioclase when the latter is in 
contact with quartz or another plagioclase. 

On the margins of alkali feldspar xenocrysts 
enclosed in the hybrid rocks there is also a zone of 
granophyric intergrowth of quartz, plagioclase, and 
amphibole similar to the micrographic texture com-
mon in the hybrid rock. 

Fenn (1986) suggests that quartz-feldspar inter-
growths are produced by "the simultaneous growth 
of quartz and feldspar in a kinetically driven, dise-
quilibrium situation". This is probably what has 
happened in the Jaala-litti complex. Granophyric 
intergrowth and micrographic textures are similar 
to those of the Tärkki granite described by Haapala 
(1977a), Kahma (1951), and Laitakari (1928). Mi-
crographic texture in the Tärkki granite occurs at 
the contact zone between the granite and a younger 
diabase. Haapala proposed that the heat f low from 
the diabase to the granite has caused partial melting 
of the granite causing quartz to form different types 
of intergrowths with both alkali feldspar and plagio-
clase. 

The micrographic textures in the Jaala-litti com-
plex indicate a marked temperature difference be-
tween the hybrid magma and the alkali feldspar 
megacrysts which were formed before hybridiza-
tion. Melting of the alkali feldspar megacryst at first 
caused quartz and albite to migrate to form a grano-
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phyric intergrowth within the megacrysts. After-
wards, as dissolution of the alkali feldspar contin-
ues, a symplectic quartz-plagioclase rim crystal-
lized. Diffusion of Na f rom the alkali feldspar and 
diffusion of Ca f rom the surrounding melt (inferred 
f rom the apatite inclusions on the border between 
the alkali feldspar and the micrographic rim) creates 
favourable conditions for plagioclase to crystallize 
together with quartz to form the micrographic rim. 
Finally, rims crystallize as in the rapakivi texture of 
the Wiborg batholith. 

Mafic rims around quartz 

MMEs, pillow-like MMEs , and hybrid rocks of the 
Jaala-Iitti complex typically contain quartz grains 
and quartz aggregates that have millimetre-thick 
rims of amphibole and sometimes also augite (Fig. 
20). Occasionally mafic rims are also found sur-
rounding plagioclase megacrysts in the M M E s and 
hybrid rocks. The amount of this texture varies 
locally, and there may be rocks rich in quartz with 
amphibole rims as in Figure 12. Amphibole rims 
also contain minor amounts of biotite, needle-like 
apatite, ilmenite, and hematite. 

Quartz xenocrysts mantled by mafic minerals 
(usually amphibole and/or pyroxene) have been 
found in different plutonic and volcanic rocks and 
they are often referred to as ocelli quartz (e.g., 
Angus 1962, 1971, Hanus & Palivcovå 1969, 
Palivcovå 1978, Eklund et al. 1989, Rämö 1991, 
Lindberg & Eklund 1992), or micro-xenoliths (Cas-
tro et al. 1990a). A common feature for all these 
occurrences is a relatively mafic host rock (gabbro, 
andesite, etc.). The source of the quartz is thought 
to be disintegrated (granitoid) xenoliths and/or a 
felsic end-member or host rock (Vernon 1983, 
Eberz & Nicholls 1988, Eklund & Lindberg 1992). 
Ocellar texture seems to occur more often in grani-
toids where M M E s occur. In these cases the quartz 
has been incorporated f rom a felsic magma and 
occurs in a host that is more or less hybrid in 
character. It has also been proposed that mafic 
magmas that intrude partially crystallized granitic 
bodies precipitate ocellar gabbros (Angus 1971). 
The origin of the amphibole coronas around quartz 

Fig. 20. Photomicrograph of a quartz grain sur-
rounded by amphibole-augite rim in the hybrid rock of 
the Jaala-Iitti complex (sample 90141) at Lokonmäki. 
Width of the picture corresponds to 8.0 mm. 

has been explained as metasomatic (Angus 1962, 
1971) or that the quartz represents pseudomorphs 
after hydrothermally decomposed phenocrysts of 
olivine (Hanus & Palivcovå 1969). The possibility 
that quartz represents former miarolitic cavities has 
also been proposed (Vernon 1983). 

The mafic rims around quartz grains are angular 
or gently rounded in form, depending on whether 
the rim encloses one grain or several grains (Fig. 
20). Augite in the corona is commonly found as a 
remnant surrounded by amphibole. More com-
monly, amphibole occurs partially within the quartz 
grains rather than r imming them. This is more likely 
to have been caused by recrystallization rather than 
corrosion of quartz because amphibole inclusions 
are also found in the outer part of the quartz grains 
where needle-like apatite occurs as well. The am-
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phibole grains form sharp contacts with the quartz 
(Fig. 20) and may occur as two generations: subhe-
dral and "ragged". F e - T i oxide, and occasionally 
hematite, inclusions are also more common in the 
inner part of the rims. 

The occurrence of some ocelli is clearly control-
led by the amount of xenoliths present; some of the 
granite xenoliths have a thin corona similar to those 
of individual quartz xenocrysts. Contact between 
individual quartz grains in aggregates is sinuous 
(Fig. 21a) probably an indication of melting. Quartz 
forms grains up to I cm in diameter and appears to 
be formed of several small quartz grains those out-
line is shown by fluid and Fe-Ti oxide inclusions 
and by small differences in optic orientation (Fig. 
21b). Quartz f rom the disaggregated xenoliths usu-
ally contains numerous zircon inclusions (Fig. 21c). 
Zircon is also found between quartz and the sur-

rounding amphibole rim in which case it may origi-
nate f rom disaggregated xenoliths, having precipi-
tated on the quartz grains before the amphibole, or 
f rom the hybrid magma. This might be of use in 
separating the origin of quartz, as to whether it 
originated from disaggregated xenoliths or origi-
nated f rom the felsic end-member of the bimodal 
system. This latter origin is visible in small ocelli 
where quartz is present as an individual grain with-
out signs of recrystallization or large scale melting 
of the grain. Quartz may also contain feldspar in-
clusions (Fig. 2Id) . This suggests that the quartz 
and feldspar grains were derived either f rom a 
cooler, largely crystallized rapakivi magma or from 
partially melted and disaggregated xenoliths. The 
larger granitoid xenoliths occasionally have a mafic 
(diabase) rim possibly as a result of the quenching 
of mafic magma on a solid xenolith. 
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Fig. 21. Photomicrographs showing certain characteristics of ocellar texture originating by disintegration of a 
xenolith. a) Soft sinuous contacts between quartz grains. Sample 9014. b) Part of a large quartz grain composed of 
several smaller anhedral quartz grains forming a mosaic texture. The pigment probably outlines original grain 
boundaries. Sample 9014. c) Zircon crystals (arrows) between quartz and amphibole corona. Sample 90501. d) An 
altered remnant of a feldspar in a large quartz grain. Sample 90501. Width of pictures corresponds to 0.8 mm (a,b, 
and c) and 3.3 mm (d). 
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Zircon inclusions and remnants of feldspar 
grains in quartz obviously outline the original 
boundaries of the quartz grains. Usually the diame-
ter of individual quartz grains is less than 3 mm and 
they do not show the characteristics of quartz ag-
gregates derived f rom disaggregated xenoliths. i.e., 
zircon and feldspar inclusions. These quartz grains 
are assumed to have originated f rom the felsic end-
member of the complex. Ocellar textures found in 
the MMEs, and especially in the pillow-like M M E s 
are typically small (under 1 cm in diameter), and 
they are most likely derived f rom the surrounding 
host rock. 

Corona textures can be formed by reactions be-
tween the hybrid magma and partially fused quartz 
xenocrysts (Sato 1975). The controlling factor of 
generating amphibole (pyroxene) coronas around 
quartz is the bulk composition and the crystal-
lization state of the host magma which provide 
suitable conditions for precipitating mafic rims 
around a quartz xenocryst. Quartz xenoliths and 
aggregates found in hornblende granites are com-
monly without coronas. Ocellar texture is not nec-
essarily a proof of hybridization; it can also result 
f rom assimilation. It may indicate a local mingling 
of felsic and mafic magmas where the xenocrysts 
are derived f rom the felsic end-member of the bi-
modal system, and where magma mixing has cre-
ated a sufficiently mafic composition within the 
host rock. 

Habit of apatite as an indicator of hybridization 

Needle-like apatite is assumed to be evidence of 
rapidly quenched mafic magma (e.g., Lee et al. 
1973, Vernon 1983, Allen 1991, Hibbard 1991) a 
presumption based on the work by Wyllie et al. 
(1962). This feature is present in the M M E s of the 
Jaala-Iitti complex which carry needle-like apatite 
crystals more commonly than the granites. The 
amount of apatite in M M E s is also remarkably 
higher than in hornblende granites. Typically, in the 
hybrid rocks close to the M M E s significant 
amounts of needle-like apatite are found (Fig. 22) 
which is not indicative of rapid quenching of hybrid 

host but mainly intermingling of apatite crystals 
f rom the mafic magma into the hybrid magma. 

The length of apatite grains varies commonly 
between 10 and 100 pm. In the M M E s and hybrid 
rocks, the length of apatite may reach 550 pm, and 
a length-width ratio (1/w) up to 150 has been re-
corded. In the hornblende granites the grain size of 
apatite is under 270 pm, and a 1/w less than 40. 
Apatite is commonly stubby, and about 60 % of the 
apatites have a 1/w between 1 and 7 (Fig. 23a). 
Typically, M M E s and hybrid rocks show a flat 
distribution of 1/w between 1 and 20 (Figs. 23b and 
23c, respectively). About 20 % of the apatites in the 
MMEs and hybrid rocks have a 1/w over 20, 
whereas in hornblende granites the amount is under 
2 %. Pillow-like M M E s contain more apatite with 
a high 1/w (10-20) than small MMEs. 

The length-width ratio of apatite (high 1/w) in the 
M M E s is probably caused by a quenching of 
magma. Bulk rock F content of the M M E s is rela-
tively high; 1100 to 8000 with an average of 2400 
ppm. In the hybrid rocks and hornblende granite F 
content is under 2100 ppm. As a mobile element F 
probably diffused f rom the felsic end-member at an 
early stage of hybridization, which could have re-
sulted in an oversaturation of F in the MMEs. High 
F (and H 2 0 ) may also have stabilized amphibole 
over pyroxene or olivine. Zones of apatite between 
partially dissolved alkali feldspar xenocryst and 
micrographic and/or plagioclase rims are also in-
dicative of diffusion of F into a mafic magma. 

Rapid quenching of the magma is, however, not 
a probable explanation for occurrence of needle-
like apatite in hybrid rocks of the complex. The 
generation of hybrid rocks took place over a rela-
tively long time interval and the occurrence of 
needle-like apatite throughout the hybrid rock is 
probably caused by disintegration of partially crys-
tallized mafic magma. Hybridization in the granitic 
rocks of the Jaala-Iitti complex is therefore typified 
by coexistence of stubby and needle-like apatites. 

Recrystallization of magmatic mafic enclaves 

Injection of a mafic magma into a magma of higher 
viscosity causes disintegration of the mafic magma 
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22. Photomicrograph of the boundary zone be-
tween a small MME at the bottom of the picture and 
hornblende granite (sample 91381) with needle-like 
apatite grains. Width of the picture corresponds to 0.3 
mm. 

to form MMEs. The degree of disintegration of the 
mafic magma and the size of M M E s that form 
depend on the influx rate of the injected magma as 
well as the crystallinity of the host. In general, the 
degree of disintegration of the mafic magma gener-
ating smaller M M E s increases away from the foun-
tain pipe if the influx of the mafic magma is high 
enough. As commingled mafic and felsic magmas 
equilibrate, the disintegrated M M E s may recrystal-
lize. Recrystallization features have been described 
f rom granitic rocks by Bowen (1922), Nockolds 
(1932), Reid et al. (1983), Tindle and Pearce 
(1983), and Vernon (1991). 

Two types of recrystallization of M M E s have 
been discovered in the hybrid rocks and hornblende 
granites of the Jaala-Iitti complex (Fig. 24): 1) 
recrystallized zones at the margins of MMEs, and 

; a ) Hornblende granite 

b) Magmatic mafic enclave 

- small MME 
pillow-like MME 

10 15 
lenght / width 

>20 

Fig. 23. Percentage distribution of apatite length-width 
ratios in a) hornblende granites, b) magmatic mafic en-
claves, and c) hybrid rocks, based on 1000 measure-
ments per rock type. The total distribution of apatites 
in magmatic mafic enclaves is based on 500 measure-
ments from pillow-like MME and 500 measurements 
from small MME. 

2) small (less than 2 cm in diameter) droplets of 
completely equilibrated mafic magma forming mi-
cro-enclaves. Chemical and thermal equilibrium 
has resulted in equilibrium zones in which the com-
position of minerals and the grain size is similar to 
those in the host rock. 

In recrystallized borders of the MME, the grain 
size of hornblende is usually from 1 to 2 mm in 
diameter whereas in the central parts it is 0.2 to 0.4 
mm. Individual grains of hornblende and biotite 
occur with inclusions of ilmenite and apatite. Il-
menite is also found as elongated mineral aggre-
gates displaying a primary subophitic texture of 
MMEs. This is also comparable to some observed 
MMEs in rapakivi granites of the Wiborg batholith 



30 Pekkci T. Salonsaari 

"v MMK 

p 9 J 9 

Fig. 24. Photomicrographs of recrystallized MMEs. a) Recrystallized border of MME (sample 91382) in horn-
blende granite (sample 91381). Note a corroded and zoned plagioclase (pi) xenocryst/phenocryst. Width of the pic-
ture corresponds to 11.5 mm. b) A micro-enclave in the hybrid rock (sample 9019) outlined by ilmenite grains. Note 
also a recrystallized amphibole grain across the area of the original MME at the right part of the micro-enclave. 
Width of the picture corresponds to 3.3 mm. See text for discussion. 

where M M E s usually show a larger grain size, 
equalling that of their host rocks, indicating com-
plete recrystallization under similar conditions with 
limited chemical exchange. 

In the Jaala-Iitti complex, micro-enclaves or 
magmatic mafic micro-enclaves (MMMEs) occur 
as a small ovoidal M M E s that have the remnants of 
primary enclave boundaries outlined by ilmenite 
and apatite grains. The size of these enclaves varies 
f rom 0.5 to 2 cm and they are discernible as inclu-
sion-rich areas within amphibole and biotite grains 
(Fig. 24b). The mineralogy of the micro-enclave is 
almost identical to that of the host rock. The matrix 
contains ilmenite, euhedral laths of plagioclase, 
needle-like apatite, and relatively large anhedral 
poikilitic quartz. Iddingsite pseudomorps after oli-
vine or pyroxene also occur. Amphibole and biotite 

have occasional small inclusions of pyrite. The 
grain size of plagioclase laths (0.1 mm) is similar to 
those of M M E s that have not undergone recrystal-
lization but the grain size of the amphiboles espe-
cially (from 1 to 2 mm in diameter) approaches that 
of the host rock, and amphibole has occasionally 
grown across the primary enclave border (see Fig. 
24b). 

Compared to micro-enclaves, amphibole aggre-
gates in granites and hybrid rocks of the Jaala-Iitti 
complex show similar features: the mafic silicate is 
dominantly amphibole, apatite and Fe-Ti oxide in-
clusions are present as well as quartz but the amount 
of feldspars is low. The main difference between the 
micro-enclaves and mafic aggregates in granites 
and hybrid rocks is in shape; the latter are more 
irregular and sharp boundaries are lacking. The size 



of the amphibole aggregates is up to 1 cm in diame-
ter. Primary inclusion area is usually difficult to 
define, and only the greater amount of inclusions 
supports their different origin vis-å-vis micro-en-
claves. Amphibole aggregates more commonly 
have both magnetite and ilmenite inclusions 
whereas the matrices of hybrid rocks and MMEs of 
the Jaala-litti complex are dominated by ilmenite. 
Apatites usually are stubby, and zoned - in contrast 
to apatites in the matrix. Significant amounts of 
apatite inclusions are concentrated in biotite and 
hornblende; similar inclusions have been proposed 
as a restite phase that was incorporated in the biotite 
and hornblende as a result of the primary restite 
pyroxene reacting with the magma (Chappell et al. 
1987). Some apatites in the matrix also do show 
zoning, in which the central part may represent a 
restite. 

Disintegration and recrystallization of MMEs 
are clear evidence of two magmas of different com-
position equilibrating and producing a commingled 
magma of intermediate composition, and contribute 
beginning of (or present) local hybridization be-
tween mafic diabase magma and felsic rapakivi 
granite magma. It is an effective process that adds 
constituents forming hornblende, biotite, and pla-
gioclase to a felsic magma, and in extreme cases 
leaves little trace of the event. 

COMPARATIVE MINERAL CHEMISTRY 
AND GEOTHERMOBAROMETRIC 
APPLICATIONS 

Electron microprobe analyses of the main minerals 
from the rocks of the Jaala-litti complex were made 
to define the composition of the minerals and to 
study inter-mineral equilibria. Geothermometric 
and -barometric calibrations are used together with 
petrographic studies to set constraints for crystal-
lization and hybridization events. 

A total of 369 analyses of amphibole (87), apatite 
(45), biotite (19), alkali feldspar (40) plagioclase 
(72), ilmenite (51), magnetite (28), pyroxene (17), 
and olivine (10) were made from the rock types of 
the complex; average mineral analyses are given in 
Appendix 1. 
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Analytical procedures 

Mineral analyses were made mainly at the Ore 
Mineralogical Laboratory of the Geological Survey 
of Finland (Espoo); some analyses were performed 
at the University of Oulu. Department of Electron 
Optics. The analyses at the Geological Survey of 
Finland were done by the author, those at the Uni-
versity of Oulu by the employees of the department. 

Analyses at Geological Survey of Finland were 
obtained with a JEOL 733 electron microprobe with 
an accelerating potential of 15 kV at a beam current 
of 150 nA for feldspars, 200 nA for apatites, 250 nA 
for amphiboles, biotites, pyroxenes, and olivines, 
and 300 nA for Fe-Ti oxides. Mineral standards 
listed in Table 1 were used at the Geological Survey 
of Finland. Counting time was set to 30 seconds (60 
seconds for F and CI), and a spot size of 10 pm 
(about 1 pm for Fe-Ti oxides) was used when 
possible. 

Amphiboles 

Amphibole is the main Fe -Mg silicate in all the rock 
types of the Jaala-litti complex. Phenocrysts are 
rare, but occasionally amphibole forms aggregates 
a few centimetres in diameter. Commonly amphi-
bole occurs as inclusions in plagioclase and alkali 
feldspar, and as rims surrounding fayalite and py-
roxene in hybrid rocks and MMEs. In the hybrid 
rocks and pillow-like MMEs, amphibole is also 
found rimming quartz grains and quartz aggregates 
(ocellar texture). In hybrid rocks and MMEs (in-
cluding pillow-like MMEs) amphibole has prob-
ably crystallized after thermal (and presumably 
chemical) equilibrium has been reached. Average 
amphibole analyses are presented in Appendix 1 a. 

Amphibole in the hybrid rocks of the Jaala-litti 
complex are mainly ferro-edenitic hornblendes, but 
some amphiboles of a more (magnesian) hastingsi-
tic hornblende also occur (Fig. 25). They differ from 
the amphiboles in rapakivi granites of the Wiborg 
in having more Si and less Mg (Fig. 25 and Appen-
dix la). The same is true with amphiboles of the 
hornblende granite and hornblende-quartz-feldspar 
porphyry of the complex. 
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Table 1. Standards used for different elements in electron microprobe analyses at the Geological Survey of Finland. 

Mineral apatite amphibole, magnetite, olivine, plagioclase. 
Element biotite ilmenite pyroxene alkali feldspar 
Si02 n.d. hornblende n.d. diopside orthoclase 
AI2O3 n.d. hornblende chromite almandine labradorite 
Ti0 2 n.d. hornblende rutile rutile garnet 
FeO almandine hornblende magnetite almandine garnet 
MnO rhodonite garnet willemite rhodonite n.d. 
MgO n.d. hornblende chromite olivine garnet 
CaO apatite hornblende n.d. diopside labradorite 
Na 2 0 n.d. anorthoclase n.d. anorthoclase anorthoclase 
K 2 O n.d. biotite n.d. biotite orthoclase 
P2O5 apatite n.d. n.d. n.d. n.d. 
BaO n.d. n.d. n.d. n.d. orthoclase 
Cr203 n.d. n.d. chromite chromite n.d. 
v 2 o 3 n.d. n.d. synthetic V2Os n.d. n.d. 
NiO n.d. n.d. n.d. olivine n.d. 
ZnO n.d. n.d. n.d. willemite n.d. 
F fluorite n.d. n.d. n.d. n.d. 
Cl tugtupite n.d. n.d. n.d. n.d. 

Note: n.d. = not determined 

Amphiboles in M M E s f rom hybrid rocks and 
hornblende granites fall into three groups according 
to their Mg/(Mg+Fe 2 + ) (Fig. 25): 1) amphiboles in 
small "less-hybridized", and more primitive M M E s 
have larger Mg/(Mg+Fe 2 + ) (0 .43-0.58) compared 
to 2) amphiboles in pillow-like M M E s (0.35-0.45), 
or 3) amphiboles in the M M E s of hornblende gran-
ites (0.24-0.46). So, amphiboles in the M M E s show 
a wide compositional range covering ferro-edenite, 
ferro-edenitic hornblende, edenitic hornblende, and 
magnesian hastingsitic hornblende; the composi-
tion is commonly related to the composition of the 
host rock and to the degree of hybridization in the 
MMEs. Amphiboles f rom the pillow-like M M E s 
fall into ferro-edenite and ferro-edenitic hornblende 
fields (Fig. 25), but since they have (Na+K) A values 
of 0 .22-0 .44 atoms per formula unit (a.f.u.), the 
diagram is not directly applicable because it as-
sumes (Na+K) A > 0.50 a.f.u. In the latter case the 
fields for ferro-edenite and ferro-edenitic horn-
blende are replaced by ferro-hornblende (Leake 
1978). 

The M M E s in the hornblende granite and the 
micro-enclaves in the hybrid rock have similar am-

phibole compositions as compared with amphi-
boles in the host rock (Appendix la) by utilizing 
elements such as Si, Al, Ti. Mn, Na, and K. A 
difference in Fe2 + (and Fe to t) content with increas-
ing degree of hybridization (in the sequence M M E 
f rom the hornblende granite - M M E from the hy-
brid rock - micro-enclave f rom the hybrid rock) 
compared to their host rock or to the composition 
of amphibole (sample 91053A in Appendix la) is 
apparent. A decreasing trend is visible in elements 
such as Ca, and Fe3+ . The fact that amphiboles in 
the M M E s are chemically similar to amphiboles in 
their host rocks suggests that chemical equilibrium 
had been reached between the two components. 
Amphibole aggregates in hornblende granite and 
wiborgite show similar Ti, Mn, ±Fe to1, and Ca con-
tents (see also Fig. 25), and have, in general, they 
show similar compositions with matrices, but 
clearly differ when compared to mafic aggregates 
of the hybrid rock. 

Composit ions of amphiboles f rom the ocelli are, 
in general, similar to those in their host rock, but 
some small differences in composition exist. The 
amphibole in ocelli usually contains more Si and 
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Fig. 25. Atomic Si vs. Mg/(Mg+Fe2+) diagram for calcic amphiboles [ (Ca+Na)B > 1.34, NaB < 0.67] after Leake 
(1978) showing compositions of amphiboles from the rocks of the Jaala-Iitti complex and the Wiborg batholith. 
Ferro-hornblende needs to be used instead offerro-edenite and ferro-edenitic hornblende fields for amphiboles in 
pillow-like MMEs with (Na+K)A < 0.5 after the classification scheme of Leake (1978). 

Mg and less Fe, Ti, and Al compared to amphiboles 
in their host rock. The amounts of these elements 
are between those recorded f rom amphiboles in the 
host rock and amphiboles f rom M M E s (and pillow-
like MMEs) . It is probable that the ocellar amphi-
bole that crystallized relatively early (together with 
or after augite) has a more primitive composition 
with higher Mg/(Mg+Fe) . Angus (1971)has shown 
that ocellar hybrid rocks are enriched in Si, Na. and 
K and depleted in Ca, Mg, Fe, and Ti, compared 
with the parent mafic rocks. The enrichment of Si, 
Na, and K in amphiboles of the ocelli could be 
caused by dissolution of feldspar grains to give 
local enrichment in these elements. 

The main compositional difference of amphi-
boles in the rock types of the Jaala-Iitti complex is 
in their Mg and Fe (Fe 2 + +Fe , + ) contents. Because 
amphibole is the main F e - M g silicate its M g and Fe 
contents reflect the bulk Mg and Fe composition of 
the rock. This feature can be used to study hybridi-
zation processes. To model hybridization features 
utilizing amphibole compositions, the average am-
phibole analyses of hornblende granites and horn-
blende-quartz-feldspar porphyries were used as the 
basis for the amphibole composition of the felsic 
end-member. For the mafic end-member, the aver-
age analyses of sample 91053A (see Appendix la) 

was used. These are shown in a M g - ( F e -t-Fe ) 
diagram in Figure 26. In Figure 26, using this 
scheme, the hybrid rocks show a wide range f rom 
10 to 70 % of the mafic end-member. It is possible, 
however, that the crystallization of other minerals 
such as pyroxene and olivine has affected the bulk 
rock composition and the composition of amphi-
boles in the hybrid rocks. For pillow-like MMEs, 
the mafic-felsic ratios are between 40:60 and 70:30. 
A high degree of hybridization is apparent in the 
micro-enclaves and in recrystallized M M E (from 
the hornblende granite) with mafic:felsic ratios of 
20 :80-40:60 and 5:95-45:55, respectively. The am-
phiboles of both types are extensively recrystallized 
and their composition is almost the same as that of 
the amphiboles f rom their host rocks (Figs. 25 and 
26). It is likely that these mafic-felsic ratios are 
related to the degree of hybridization. 

Table 2 shows modal crystallization pressures of 
different rock types f rom the Jaala-Iitti complex and 
the wiborgite at Summa, Hamina based on experi-
mental calibration of total Al in amphibole as a 
function of pressure (Hammarström & Zen 1986, 
Hollister et al. 1987, Johnson & Rutherford 1989, 
Schmidt 1992). The calibration of Johnson and 
Rutherford (1989) gives about 1 kbar lower pres-
sures than the other calibrations. 
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Fig. 26. Atomic Mg vs. Fe' ++FeJ+ diagram for amphiboles from the rocks of the Jaala-litti complex and the Wiborg 
batholith. 

All pillow-like M M E s f rom north of Lake 
Kirkkojärvi in the western part of the complex 
contain quartz and feldspar megacrysts derived 
f rom the host rock, and are hybridized. Their am-
phibole is also less magnesian than that in the small 
M M E s which are less hybridized. Also the high Si 
contents in amphibole of pillow-like M M E s 
(6 .69-7.03 a.f.u.) and hybrid rocks (6 .44-6.74 
a.f.u.) compared to those in granites (6 .24-6.63 
a.f.u.) of the complex are most likely connected to 
hybridization, either by way of a decrease in tem-
perature (incorporation of xenolitic material) or 
oversaturation in Si (dissolving xenolitic material). 
The crystallization pressure (2.5-3.7 kbar) of the 
pillow-like M M E is 0 .6-0 .7 kbar lower than that of 
the small M M E s or micro-enclaves. Compared to 
the M M E host rock, pillow-like M M E s seem to 
have crystallized in the upper crust rather than their 
host (P = 3.7^4.6 kbar). This leads to the assumption 
that Si (and Al) content in amphiboles f rom the 
M M E s is controlled not only by pressure, but that 
some subsolidus chemical exchange must also have 
taken place. The larger M M E s solidified over a long 
period of time and had more time for chemical 
exchange. Pillow-like M M E s may represent that 
part of the magma chamber where the influx and 

hybridization rate of the mafic magma have been 
highest. 

According to Vorma (1975, 1976), the intrusion 
level of rapakivi granites represents a depth of about 
3 k m (about 1 kbar). This is notably lower than the 
model crystallization pressures given by amphibole 
geobarometers which are calibrated for 2 to 30 
kbars. 

Apatite 

Apatite analyses were made to detect possible 
chemical differences between apatites in the 
MMEs, hybrid rocks, and granites of the complex. 
Apatites in amphibole aggregates were also ana-
lysed for tracing possible changes in crystallization 
before and after any hybridization event. Average 
apatite analyses are presented in Appendix lb. 

Apatites of the Jaala-litti complex are fluor-apa-
tite and hydroxylapatite and contain only trace 
amounts of Mn (< 0.1 wt%). Apatites in the hybrid 
rocks usually contain a wide range of F with 
0.56-0.91 a.f.u. This distribution consists of analy-
ses f rom two samples: 90141 and 90191 with F 
contents of 0 .56-0 .80 (mean 0.66) a.f.u. and 
0.73-0.91 (mean 0.82) a.f.u., respectively. The 
highest contents of F are generally in the more 
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Table 2. Average model pressure estimates after amphi-
bole geobarometers for the rocks of the Jaala-litti com-
plex and wiborgite from Summa, Hamina Wiborg 
batholith (Fig. 1). 

Pressure (kbar) 

Rock/type Sample N PI P2 P3 P4 

Hornblende granite 
matrix 90381 1 4.0 4.1 3.2 4.5 
matrix 90561 3 4.0 4.2 3.2 4.5 
matrix 90161 3 4.4 4.5 3.5 4.8 
amph aggregate 90561 3 3.7 3.8 3.0 4.2 
Hornblende-quartz-feldspar porphyry 
matrix 90542 3 3.8 3.9 3.1 4.3 
inclusions in af 90542 2 3.8 3.9 3.1 4.3 
MME 
matrix 91053A 5 3.0 3.0 2.4 3.5 
matrix 91053C 2 3.7 3.8 3.0 4.2 
matrix 91382 3 4.0 4.0 3.1 4.4 
inclusions in pi 91382 4 4.6 4.8 3.7 5.0 
Pillow-like MME 
matrix 90042A 2 1.7 1.5 1.2 2.3 
matrix 9102A 4 2.8 2.8 2.2 3.4 
composite MME 91021 2 2.8 2.8 2.2 3.4 
ocelli 90042A 2 3.5 3.6 2.8 4.1 
Micro-enclave 
matrix 90191 6 4.0 4.1 3.2 4.5 
Hybrid rock 
matrix 90141 6 3.4 3.4 2.7 3.9 
matrix 90501 3 4.0 4.1 3.2 4.5 
matrix 90191 5 3.9 4.0 3.1 4.4 
ocelli 90141 4 3.7 3.8 2.9 4.2 
ocelli 90501 7 3.1 3.1 2.4 3.6 
ocelli 90191 3 3.2 3.2 2.5 3.7 
amph aggregate 90191 6 3.5 3.6 2.8 4.0 
inclusions in pi 90141 3 3.5 3.6 2.8 4.1 
Wiborgite 
matrix Summa 2 4.9 5.1 3.9 5.3 
amph aggregate Summa 3 4.5 4.6 3.6 4.9 

PI = -3.92 + 5.03A110' (Hammarström& Zen 1986) 
P2 = -4.76 + 5.64AI"" (Hollister et al. 1987) 
P3 = -3.46 + 4.23A1'01 (Johnson & Rutherford 1989) 
P4 = -3.01 + 4.76A1"" (Schmidt 1992) 
N = number of analyses 
amph = amphibole, pi = plagioclase, af = alkali feldspar 

prismatic apatites. This possibly reflects the differ-
ent degree of hybridization of the rocks when com-
pared to mean a.f.u. values f rom M M E (0.61), horn-
blende granite (0.85), and a wiborgite (0.72) f rom 
the Wiborg batholith. Also, apatites in the micro-
enclave f rom the hybrid rock (sample 90191) have 
similar F contents (0 .74-0.94 a.f.u. F) compared to 
apatites in the hybrid rock itself indicating equilib-
rium crystallization. 

A survey of the literature shows that F/(F+OH ) 
in apatites is related to the crystallization tempera-
ture of the magma. Apatites having more OH crys-
tallized f rom higher temperature magmas than rela-
tively F-rich apatites. Stormer and Carmichael ' s 
(1971) and Ludington 's (1978) geothermometers 
are based on F - O H exchange between coexisting 
biotite and apatite, with increasing F/(F+OH) in 
apatite resulting in a decrease of the equilibrium 
crystallization temperature assuming a constant 
F/(F+OH) in biotite. Diffusion of F f rom the felsic 
to the more mafic magma probably caused rapid 
crystallization of F-rich apatites. In the hybrid rocks 
represented by samples 90141 and 90191, the rela-
tively wide and bimodal distribution of F contents 
in apatites suggests that the apatites originated f rom 
two sources. Mingling of needle-like apatite f rom 
the partially crystallized mafic magma into a more 
felsic hybrid magma caused increasing of the con-
tent of needle-like apatite (Fig. 22) whereas most of 
the prismatic apatites either crystallized f rom the 
host magma or were entrained f rom the felsic end-
member. 

Apatite in amphibole aggregates is usually zoned 
(optically as well as compositionally), and the cen-
tral part of the apatite is commonly F-rich (about 
0.9 a.f.u. F) compared to the outer parts (0.7 to 0.9 
a.f.u. F). Fe content in the central parts is usually 
about 0.2 a.f.u. whereas in the outer parts it is 
between 0.2 and 0.6 a.f.u.; this is possibly caused 
by diffusion of Fe f rom the amphibole to the apatite 
inclusion. Low F content in the outer parts of the 
apatite could also be a result of diffusion or a change 
of composition in the magma composition as crys-
tallization proceeded. In general, apatite in the am-
phibole aggregates shows a similar composition to 
apatites f rom their host rock. 
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Biotite 

Average biotite analyses of the rock types of the 
complex are presented in Appendix lc. Because 
these are microprobe data, indirect methods for 
estimating ferric and ferrous iron contents were 
used (c.f., de Bruiyn et al. 1983); see Appendix lc. 
As biotite occurs only in minor amounts and crys-
tallized after amphibole in the rocks of the Jaala-Iitti 
complex, it is not presumed that Fe2 + /Fe3 + ratios 
f rom whole rock analyses represent the values in 
biotites. To evaluate the credibility of this method, 
a comparison of biotite analyses in wiborgite from 
Summa, Hamina to other biotites of the Wiborg 
batholith (Simonen & Vorma 1969) was made. The 
Fe2 + / (Fe2 ++Fe3 +) of 0.86 for biotite in wiborgite 
f rom Summa is similar to wet chemical data (0.84 
to 0.90; average 0.88) published by Simonen and 
Vorma (1969). For the rocks of the Jaala-Iitti com-
plex, Fe2 + / (Fe2 ++Fe3 +) ranges f rom 0.84 to 0.89. 

All biotites f rom the rocks of the Jaala-Iitti com-
plex are annite-rich with A1VI under 0.16 (Fig. 27). 
Hybrid rock types (hybrid rock, pillow-like MME, 
and micro-enclave) of the complex show composi-
tions with Mg/(Mg+Fe 2 + ) over 0.2 whereas the 
granites of the complex and the wiborgite (Summa, 
Hamina) show values under 0.2. 

Biotite f rom the micro-enclave (sample 90191) 
has a Fe t o t /(Fe t o t+Mg) value of 0.75 that is similar 
to that of the host rock (0.72) and differs f rom those 
of pillow-like M M E s and composite M M E s with 
Fe t o t /(Fe t o t+Mg) f rom 0.64 to 0.70 and f rom 0.66 to 
0.69, respectively. In hybrid rocks (samples 90141, 
90191, and 90501) the Fe t o t /(Fe t o t+Mg) values 
range f rom 0.69 to 0.79 and are lower than in the 
hornblende granites of the complex with 
(0.85-0.91: compare to Fig. 25). The non-hybrid 
origin of hornblende granites is also more apparent 
when the values for biotites are compared with 
biotites f rom biotite-hornblende-fayalite granites 
(dark wiborgite, wiborgite, and tirilite) of the Wi-
borg batholith that show Fe l o t /(Fe l o t+Mg) values 
f r o m 0 . 8 0 t o 0 . 8 8 ( H a a p a l a n a / . 1991). 

Wones and Eugster (1965) calibrated the stabil-
ity of biotite coexisting with sanidine and magnetite 
as a function of temperature and oxygen fugasity by 
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Fig. 27. Analyses of biotites from hornblende granites, 
MMEs, hybrid rocks from the Jaala-litti complex, and 
wiborgite in Summa, Hamina plotted in Alv' vs. 
Mg/(Mg+Fe +) diagram. 

using the Fe l o t /(Fe t o t+Mg) ratio (see Fig. 28). Biotite 
with a certain Fe t o t /(Fe t o l+Mg) is stable at oxygen 
fugacity values below the corresponding contour; 
above it the biotite will decompose by the reaction 
biotite -> more magnesian biotite + alkali feldspar 
+ magnetite (Speer 1984). The assemblage alkali 
feldspar+quartz+fayalite+magnetite(±biotite) is 
found in granites of the Jaala-litti complex. This 
assemblage has been suggested as evidence for 
rapakivi granite biotites having crystallized near (or 
more likely under) the Q F M buffer (Anderson 
1980, Emslie & Stirling 1993). 

In Figure 28, the 100Fe/(Fe+Mg) = 90 contour 
represents crystallization estimates for biotites in 
the hornblende granite whereas the 100Fe/(Fe+Mg) 
= 64 contour is the lowest value pertaining to bi-
otites f rom the pillow-like MMEs. The minimum 
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crystallization temperature and maximum l o g f 0 2 

for biotites in granites of the complex are 660°C and 
about -17 at the conditions of the N N O buffer. Close 
to QFM. where more suitable conditions for the 
mineral assemblages present in granites of the com-
plex are to be found, the minimum crystallization 
temperature is about 760°C with l o g f 0 2 of about 
-17. It is possible that the fayalite-bearing rapakivi 
granites with Fe/(Fe+Mg) > 0.90 have crystallized 
near the stability field of annite + quartz close to the 
QFM buffer at a temperature of about 700°C with 
l o g / 0 2 = -18 (F ig . 28). 
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Fig. 28. Logf02 versus temperature diagram repre-
senting stability of biotite in the assemblage bi-
otite+sanidine+quartz at a total pressure of2070 bars 
after INones and Eugster (1965) indicated by contours 
of constant 100Fe/(Fe+Mg) (numbers); Fe represents 
total Fe. The lightly shaded area represents the stabil-
ity of annite and quartz in the oxygen fugacity-tem-
perature space at 2000 bars (Eugster cfe Wones 1962) 
compared to hematite-magnetite (HM), nickel-nickel 
oxide (NNO), quartz-fayalite-magnetite (QFM), mag-
netite-wiistite (MW), wiistite-iron (WI), and 
quartz-fayalite-iron (QFI) buffers. The heavily shaded 
area marked with JIC represents the approximate crys-
tallization conditions of biotites from the Jaala-litti 
complex. See text for discussion. Abbreviations: sa -
sanidine, qz - quartz, hm - hematite, mt - magnetite, fa 
-fayalite, and v - vapour. 

At the N N O buffer biotites with Fe/(Fe+Mg) > 0.64 
f rom the pillow-like M M E s show a temperature of 
760°C and a 100°C higher at -1 l o g / 0 2 AQFM. 
Conditions above QFM are unreliable as pillow-
like M M E s and hybrid rocks contain predominantly 
ilmenite instead of magnetite (c.f., Ishihara 1977). 
For the hybrid rocks and granites of the Jaala-litti 
complex, realistic conditions are probably found 
between Q F M and N N O [T(min) = 740°C, 
l o g / 0 2 ( m a x ) - -15]. 

The composition of biotite and amphibole corre-
lates with the degree of hybridization of the rocks 
(Fig. 29). The compositionally similar trend of bi-
otite and amphibole is visible in pillow-like MMEs , 
micro-enclaves, hornblende granites, and wibor-
gites (Fig. 29). The biotite f rom hybrid rocks shows 
disequilibrium features especially in the M g O and 
FeO t o t content and has a composition between the 
mafic and felsic end-members. Disequilibrium is 
apparent in the distribution of Mg and Fe [KD = 
(Mg/Fe)b i o I /(Mg/Fe) a m p h] between biotite and am-
phibole f rom the hybrid rock with a range of aver-
age K d values f rom 0.66 (sample 90141) to 1.17 
(sample 90501). This range is larger than the range 
for the K d values for pillow-like M M E s and com-
posite M M E s (0.93 to 0.98) and granites f rom the 
Jaala-litti complex and Wiborg batholith (0.72 to 
0.82). Equilibrium reached between the micro-en-
claves and the host is suggested by their relatively 
similar K D values (0.91 and 0.84, respectively). 

Feldspars 

Plagioclase in the M M E s and micro-enclaves and 
their host rocks were analysed to assess possible 
compositional changes that may occur during crys-
tallization of two coexisting melt phases before and 
after chemical exchange due to hybridization. Co-
existing plagioclase and alkali feldspar were used 
as a geothermometer to estimate crystallization 
temperature and to study equilibria between feld-
spars in the rock types of the Jaala-litti complex. 
Analyses of plagioclases and alkali feldspars f rom 
the Jaala-litti complex are presented in Appendices 
Id and le , respectively. 
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A MICRO-ENCLAVE (in hybrid rock) 

Fig. 29. Biotites and amphiboles from different rock 
types of the Jaala-litti complex plotted in a FeO*( total 
Fe) - Al203 - MgO diagram. The lines join the aver-
age composition of biotite and amphibole in different 
samples. 

Plagioclase 

Plagioclases f rom small M M E s in the hybrid rocks 
show a relatively wide compositional range f rom 
An3 8 to An5 4 , most of them between An 4 8 and An 5 ! 

(Fig. 30a). Large pillow-like M M E s have lower An 
contents (An3o_45), and these compositions are simi-
lar to those of micro-enclaves and their hybrid rock 
matrices (Figs. 30b, 30c, and 30d, respectively). A 
gradational change of plagioclase composition 
f rom small M M E s (Fig. 30a) in hornblende granite 
(Fig. 30e) and hornblende-quartz-feldspar por-
phyry (Fig. 30f) is apparent. Anorthite contents of 
plagioclase f rom the micrographic rim An3o_34 (Fig. 
30g) and f rom the plagioclase mantling alkali feld-
spar An28-37 (Fig. 3Oh) are similar to those in their 
hybrid rock matrices. One analysis f rom the central 

part of the plagioclase mantle (Fig. 30h) has a 
composition of An5 2 . 

Or contents of plagioclases in all rock types are 
relatively low, usually under 2 mol%. In plagioclase 
xenocrysts of M M E s (Fig. 30a) and pillow-like 
M M E s (Fig. 30b) Or contents reach 4 mol% and 2 
mol%, respectively. The low Or content is probably 
caused by exsolution; antiperthitic plagioclase 
grains occur especially in hybrid rocks and horn-
blende granites. That is apparent when comparing 
Or contents in plagioclase xenocrysts f rom M M E s 
(Fig. 30a) to plagioclase f rom the M M E ' s host 
hornblende granite (Fig. 30e). The zoned plagio-
clase xenocryst (see Fig. 24a) in the M M E also is 
an example of crystallization of a plagioclase in the 
M M E magma before equilibrium was established 
between the mafic and the felsic magmas and of 
subsequent crystallization of plagioclase in the ma-
trix of the M M E after equilibration. The core of the 
plagioclase is inclusion-free, and has a composition 
of An34_36, similar to those of the M M E host grani-
toid matrix indicating a xenocrystic origin. This 
xenocryst has been a nucleus for crystallization of 
plagioclase f rom the mafic magma; the composition 
changes gradually f rom An 4 3 to An5 4 , and amphi-
bole inclusions appear in the outermost rim (An46). 
In the M M E matrix, the composition is An 3 9 ^n . 
This feature shows two things. First, these plagio-
clase phenocrysts in the M M E magmas are 
xenocrystic and derived f rom the host granitoid 
rock. Second, M M E magmas and their host mag-
mas can crystallize independently, but after a cer-
tain time interval the mafic magma is influenced by 
chemical exchange with the enclosing felsic 
magma. Plagioclase that occurs as inclusions in 
alkali feldspar megacrysts (Figs. 30i and 30j) shows 
a similar composition (An26_34) to those in their host 
and in the hornblende granite. 

According to the restite hypothesis, corroded 
calcic plagioclase phenocrysts with more sodic rims 
(compositionally similar to the matrix) have been 
described as residual minerals f rom the source rock 
of the felsic melt (Presnall & Bateman 1973, White 
& Chappell 1977, Chappell 1978, Chen et al. 1990). 
Similar plagioclases were also found in the Jaala-
litti complex. These consist of altered, calcic 
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0 10 0 10 0 10 0 10 0 10 
Fig. 30. An-Ab-Or plot of plagioclase compositions in (a) small MME in a hybrid rock, (b) pillow-like MME in a 
hybrid rock, (c) micro-enclave, (d) hybrid rock, (e) hornblende granite, ( f ) hornblende-quartz-feldspar porphyry, 
(g) micrographic rim, (h) plagioclase mantling alkali feldspar, (i) inclusions in alkali feldspar megacrysts, (j) por-
phyritic rapakivi granite xenolith in hybrid rock, and (k) xenocryst with a rim composition of An2y_]4 in the horn-
blende granite. Filled circles in (a) and (b) represent xenocryst compositions. 

(An5U_53) cores (Fig. 30k) surrounded by a oligo-
clase (An2o_3s) rim with a composition similar to the 
matrix plagioclase (Fig. 30e). Corroded grains are 
usually altered to sericite and saussurite and their 
diameter is less than 2 mm. If not restite material 
they could also represent xenocrysts derived f rom 
gabbroic or anorthositic magmas. 

Alkali feldspar 

Alkali feldspars in hornblende-quartz-feldspar por-
phyry usually lack albite lamellae; alteration to 
sericite and saussurite as well as large amounts of 
inclusions are rare. In contrast to alkali feldspar 
f rom the hornblende granite and the hybrid rocks 
they show less subsolidus reactions and are more 

Ab-rich. Alkali feldspar f rom the matrix of the 
hybrid rock (Fig. 31a) and hornblende granite (Fig. 
31b) occurs generally in two compositions: -Orgo 
and ~Or9 0 . In the hornblende-quartz-feldspar por-
phyry the Or content of the alkali feldspar is com-
monly under 80, clustering around O r ^ and Or7 5 

(Fig. 31c). Compositionally, then, alkali feldspars 
can be divided into three groups (Or>g5, Org5_7o, and 
Or< 7 0) (Fig. 31). Exsolution of albite increases in 
alkali feldspar megacrysts and crystals in the matrix 
along with an increase in the degree of hybridiza-
tion. Petrographically this results in vermicular al-
bite and exsol ved plagioclase often with quartz rims 
on alkali feldspars of the hybrid rocks and horn-
blende granites. 

Mantled alkali feldspar megacrysts show a wide 
compositional range (Figs. 31 d and 31 e), especially 
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in Or and Ab content. Alkali feldspar mantled by 
plagioclase and amphibole shows a relatively high 
celcian-component (up to 6.1 mol%) compared to 
alkali feldspar megacrysts with micrographic tex-
ture (less than 1 mol% of Cn). Or and Cn contents 
(0.9-1.7 mol% and 0 .0-0 .4 mol%, respectively) are 
also higher in the plagioclase of the mantles than in 
plagioclases in the enclosing rock. This may, for 
example, indicate a small-scale element exchange 
between the alkali feldspar megacryst and plagio-
clase mantles or more probably different crystal-
lization temperature and/or pressure. Composit ions 
measured f rom the outer parts of the megacrysts 
immediately in contact with micrographic texture 
and plagioclase mantling alkali feldspar show some 
similarities (see Figs. 3 Id, 31e, and 310- Composi-
tions of the outer part of the megacrysts trend to-
wards the "intermediate" composition (with one 
exception in Fig. 31 d of composition Or 9 1 Ab 6 An 3 ) 
that possibly represents the attainment of equilib-
rium between the matrix and the plagioclase rim. 
Composit ion change is apparent in the alkali feld-
spar megacryst r immed by plagioclase where the 
composition changes f rom ()rf t4 to Or8 2 , and at the 
same time Cn content decreases f rom 6.1 to 2.5 
mol% (Fig. 31e). Variation of the outer part of the 
alkali feldspar megacrysts near to plagioclase man-
tles is Or75_82Abi5_25Ano_2Cno_3. This composi-
tional variation is similar to that of the alkali feld-
spar in the hornblende-quartz-feldspar porphyry 
(Fig. 31c) and mantled alkali feldspar megacrysts 

100 

in wiborgite f rom the Wiborg batholith (Lintala et 
al. 1991). This could be due to similar crystallizing 
conditions (temperature and pressure) of the mi-
crographic intergrowth in the Jaala-litti complex 
and the rapakivi texture in the wiborgite f rom the 
Wiborg batholith. 

Feldspar geothermometry 

Fuhrman and Lindsley (1988) calibrated a ternary 
feldspar geothermometer that yields three tempera-
tures, utilizing the A n - A n , A b - A b , and O r - O r 
equilibria between alkali feldspar (af) and plagio-
clase (pi). Model temperatures for the feldspar data 
on the Jaala-litti complex are shown in Table 3. 
Table 3 shows at the column initial results of tem-
perature estimates between 1 and 2 kbars based on 
this method without reconstituting compositions. 
Commonly the difference between temperatures at 
1 kbar and 2 kbar is f rom 0° to 20°C, depending on 
the equilibrium used and so the two-feldspar 
geothermometer is not sensitive to pressure. Tem-
peratures calculated without reconstructing compo-
sitions are commonly unequal and identical tem-
peratures are reached only at low temperatures. 
Such low temperatures probably represent sub-soli-
dus equilibria rather crystallization temperatures of 
coexisting feldspars. Model 1 temperatures are cal-
culated with the program M T H E R M 3 (Fuhrman & 
Lindsley 1988) that allows the composit ions to vary 
by up to 2 mol%. 

0 10 0 10 0 10 0 10 0 10 0 10 
Fig. 31. Or-Ab-Cn plot of alkali feldspar compositions in the matrix of (a) hybrid rock, (b) hornblende granite, (c) 
hornblende-quartz-feldspar porphyry, and in megacryst mantled by (d) micrographic rim and (e) plagioclase rim 
and alkali feldspar megacrysts from ( f ) rapakivi granite xenolith. Filled circles in (d), (e), and ( f ) represent composi-
tions in the outer part of the megacryst. 
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Table 3. Temperature estimates after the two-feldspar geothermometer of Fuhrman and Lindsley (1988) at the 
pressure range of 1 to 2 kbarsfor the rocks of the Jaala-litti complex. See text for discussion. 

Initial Model 1 Model 2 or 3 
N Ab Or Rock # 

Hornblende granite 
matrix 90161 T 340(15) 481 (32 ) 

X(af) 1 
X(pl) 5 

matrix 90591 T 
X(af) 2 
X(pl) 3 

Hornblende-quartz-feldspar porphyry 

An Cn N Ab Or An N Ab 

0.055(0) 0.940(0) 
0.695(37) 0.015(3) 
509 (94 ) 402 (15 ) 

4 3 8 ( 1 7 ) 
0.001(0) 0.003(0) 
0.290(37) 0.001(1) 
560(154) 

0.147(37) 0.845(40 ) 0.005(3) 0.004(1) 
0.726(57) 0.008(1) 0.266(58) 0.000(0) 

matrix 90301 T 4 9 0 ( 7 ) 

afpheno- 90542 T 
cryst vs. X(af) 

X(af) 1 0.160(0) 
X(pl) 1 0.779(0) 

pi matrix 

699 (87 ) 
0.300(75) 

afpheno- 90301 T 
cryst vs. 
pi incl. 

Hybrid rock 

X(pl) 1 0.733(0) 
6 9 1 ( 8 ) 

X(af) 1 0.254(0) 
X(pl) 1 0.699(0) 

439(1) 
0.819(0) 
0.013(0) 
4 6 7 ( 3 ) 
0.677(91) 
0.013(0) 
5 2 3 ( 0 ) 
0.732(0) 
0.017(0) 

1036(6 ) 
0.018(0) 0.004(0) 
0.208(0) 0.000(0) 
656(189) 
0.017(13) 0.009(6) 
0.254(0 ) 0.000(0) 
5 8 4 ( 6 ) 
0.009(0) 0.006(0) 
0.283(0) 0.001(0) 

result result result 

Rapakivi granite xenolith 
af mega-
cryst vs. 
pi incl. 
micro-
graphic 
texture 

9014XT 
X(af) 3 
X(pl) 2 

9 0 1 4 X T 
X(af) 1 
X(pl) 1 

619(103) 541(30) 
0.205(46) 0.774(49) 
0.689(28) 0.020(2) 
7 4 1 ( 8 ) 6 5 1 ( 0 ) 
0.238(0) 0.746(0) 
0.629(0) 0.034(0) 

499 (93 ) 
0.005(1) 0.020(5) 
0.290(25 ) 0.002(2) 
4 0 8 ( 4 ) 
0.004(0) 0.016(0) 
0.337(0) 0.000(0) 

Or An 

387(12) 403 (12 ) 396(13) 
1 0.074(4) 0.921(4) 0.001(0) 
5 0.694(31) 0.007(1) 0.299(39) 

5 1 9(97) 5 1 8(73) 521(102) 
2 0.148(52) 0.846(61) 0.004(4) 
3 0.718(72) 0.020(9) 0.262(70) 

5 3 2 ( 4 ) 528 (12 ) 5 2 9 ( 4 ) 
1 0.175(0) 0.819(0) 0.003(0) 
1 0.774(5) 0.026(3) 0.200(8) 

6 6 5 ( 1 0 8 ) 6 4 4 ( 9 4 ) 6 5 8(112) 
5 0.269(92) 0.712(111)0.014(15) 
I 0.727(40) 0.049(34) 0.221(44) 

503(35) 503 (35 ) 
1 0.130(11) 0.866(11) 0.001(0) 
4 0.694(39) 0.016(2) 0.290(37) 

559(120) 559(120) 
2 0.171(67) 0.821(71) 0.005(3) 
3 0.705(67) 0.029(21) 0.266(58) 

matrix 90141 T 580 (28 ) 501 (2 ) 556 (18 ) 5 7 0 ( 7 ) 5 6 9 ( 3 ) 5 6 0 ( 8 ) 
X(af) 2 0.183(11) 0.804(8) 0.006(0) 0.009(3) 2 0.173(3) 0.813(5) 0.005(1) 2 
X(pl) 1 0.703(0) 0.016(0) 0.281(0) 0.000(0) 1 0.698(5) 0.026(0) 0.276(5) 1 

matrix 90501 T 502 (82 ) 541 (8 ) 620 (38 ) 587(17) 568 (39 ) 593(33) 
X(af) 3 0.144(45) 0.846(50) 0.006(2) 0.005(4) 2 0.191(6) 0.796(7) 0.007(1) 3 
X(pl) 1 0.725(0) 0.024(0) 0.251(0) 0.000(0) 1 0.717(7) 0.032(7) 0.251(0) 1 

matrix 90191 T 4 2 4 ( 2 6 ) 498 (44 ) 607 (37 ) 405 (13 ) 388(31) 394(14) 
X(af) 2 0.084(2) 0.905(4) 0.006(0) 0.005(2) 2 0.083(4) 0.913(7) 0.001(0) 2 
X(pl) 4 0.625(57) 0.014(7) 0.360(64) 0.000(0) 2 0.691(59) 0.006(1) 0.303(59) 4 

af mega- 90141 T 689(28 ) 540(12) 415 (15 ) 671 (10 ) 6 5 8 ( 3 ) 6 6 4 ( 6 ) 
cryst vs. X(af) 2 0.220(4) 0.771(2) 0.003(0) 0.007(2) 2 0.215(3) 0.767(3) 0.013(0) 2 
pi incl. X(pl) 2 0.651(12) 0.017(1) 0.331(11) 0.001(0) 2 0.640(3) 0.038(1) 0.321(6) 2 
af mega- 90141 T 730(91 ) 501 (2 ) 526 (34 ) 655 (12 ) 6 4 3 ( 9 ) 655 (19 ) 
cryst vs. X(af) 3 0.276(40) 0.670(39) 0.014(3) 0.056(5) 1 0.230(5) 0.709(5) 0.019(4) 2 
pi incl. X(pl) 2 0.662(9) 0.013(0) 0.324(10) 0.003(0) 2 0.647(20) 0.033(1) 0.319(24) 2 
af mega- 90141 T 491(150) 5 1 4(28) 542 (49 ) 606(44) 607 (48 ) 606(44) 
cryst VS. X(af) 2 0.129(68) 0.867(69) 0.004(1) 0.001(0) 1 0.190(10) 0.806(15) 0.008(2) 2 
pi incl. X(pl) 4 0.683(20) 0.018(3) 0.299(22) 0.000(1) 3 0.696(50) 0.025(12) 0.309(46) 4 
micro- 90141 T 694(31 ) 496(14) 707(35 ) 6 8 6 ( 3 ) 6 5 2 ( 2 ) 682(1) 
graphic X(af) 2 0.238(10) 0.740(12) 0.017(2) 0.006(0) 1 0.214(5) 0.766(5) 0.015(0) 2 
texture X(pl) 2 0.653(10) 0.013(1) 0.334(10) 0.000(0) 1 0.622(0) 0.034(0) 0.344(0) 2 
micro- 9014] T 3 3 6 ( 6 ) 504(1) 1180(4 ) no no no 
graphic X(af) 1 0.062(0) 0.906(0) 0.031(0) 0.001(0) result result result 1 
texture X(pl) 1 0.682(0) 0.017(0) 0.301(0) 0.001(0) 1 
pi 90141 T 572(70 ) 507(13) 345(82) 577 (41 ) 581 (40 ) 582(43) 
mantle X(af) 2 0.168(18) 0.809(16) 0.002(1) 0.025(1) 2 0.168(20) 0.802(21) 0.008(3) 2 

X(pl) 4 0.664(42) 0.015(3) 0.320(45) 0.001(2) 3 0.647(50) 0.025(8) 0.327(50) 4 

7 3 3 ( 1 ) 
1 0.313(5) 
1 0.717(0) 

649 (31 ) 
3 0.223(12) 
1 0.702(7) 

743(12) 
1 0.254(0) 
1 0.652(4) 

592(28) 
0.184(11) 
0.689(5) 
5 80(38) 
0.188(29) 
0.718(6) 
556 (11 ) 
0.144(26) 
0.620(60) 
760(10) 
0.229(8) 
0.606(13) 
851(31) 
0.278(13) 
0.586(25) 
698 (76 ) 
0.219(24) 
0.649(36) 
747 (43 ) 
0.238(10) 
0.609(18) 
809 (0 ) 
0.288(4) 
0.616(0) 
716 (84 ) 
0.225(18) 
0.628(62) 

618 (73 ) 620(61) 622(65) 
3 0.205(51) 0.769(59) 0.010(6) 
2 0.682(41) 0.350(13) 0.283(38) 

7 0 8 ( 1 ) 7 1 1 ( 2 ) 7 1 4 ( 2 ) 
1 0.231(8) 0.739(8) 0.019(0) 
1 0.622(8) 0.049(0) 0.329(8) 

7 3 3 ( 1 ) 
0.666(5) 
0.075(0) 
649 (31 ) 
0.767(13) 
0.044(7) 
743 (12 ) 
0.732(0) 
0.065(4) 

592(28) 
0.803(8) 
0.029(5) 
580(38) 
0.802(33) 
0.030(6) 
556(11) 
0.846(28) 
0.020(5) 
760 (10 ) 
0.762(9) 
0.063(3) 
851(31) 
0.667(17) 
0.090(12) 
698(76) 
0.776(24) 
0.052(19) 
744 (37 ) 
0.740(12) 
0.057(9) 
809 (0 ) 
0.679(4) 
0.083(0) 
716(84) 
0.752(17) 
0.052(17) 

7 3 3 ( 1 ) 
0.018(0) 
0.208(0) 

0.004(1) 
0.254(0) 

0.009(0) 
0.283(0) 

0.006(0) 
0.281(0) 
575 (45 ) 
0.006(2) 
0.251(0) 
556 (11 ) 
0.006(0) 
0.360(64) 

0.003(0) 
0.331(11) 

0.013(3) 
0.323(10) 

0.004(1) 
0.299(22) 

0.017(2) 
0.334(10) 
8 0 8 ( 0 ) 
0.031(0) 
0.301(0) 

0.002(1) 
0.320(45) 

6 5 3 ( 1 0 1 ) 6 5 3 ( 1 0 1 ) 
3 0.212(43) 0.767(46) 0.005(1) 
2 0.667(45) 0.042(21) 0.290(25) 

790(16) 790 (16 ) 
1 0.238(0) 0.746(0) 0.004(0) 
1 0.592(6) 0.070(6) 0.337(0) 

X(af) and X(pl) are albite (Ab), orthoclase (Or), anorthite (An), and celsian (Cn) contents in alkali feldspar and plagioclase, 
respectively. Parenthesized numbers indicate one standard deviation of measurement in terms of least digits cited. 
N = number of alkali feldspar or plagioclase analyses used in temperature calculations. 
T = temperature (°C) calculated after model of Fuhrman and Lindsley (1988) for ternary feldspars. 
Initial: Temperatures calculated by the program MTHERM3 (Fuhrman & Lindsley 1988) without reconstructing 

compositions. 
Model 1: Temperatures and composition calculated by the program MTHERM3 allowing compositions to vary up to 2 mol%. 

The difference of accepted temperatures is less than 80. 
Model 2: Temperatures and compositions calculated by shifting X l: and Xn, contents of both alkali feldspar and plagioclase at 

constant X„ until T,,,^ = T„„, = T „ . Method adopted from Kroll et al. (1993). 
Model 3: Temperatures and compositions calculated by shifting Xab and X;;, contents of both alkali feldspar and plagioclase at a 

constant X;11 until Tatvab = Tol.or (rows without T .,,.,„). Used if Model 2 gave no result. 
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Kroll et al. (1993) modif ied Fuhrman & Lind-
sley 's (1988) programme to evaluate retrograde 
intercrystalline K - N a exchange. This procedure is 
adopted here as Model 2; it increases the X a b and 
decreases the Xo r content of alkali feldspar and 
decreases the X a b and increases the Xo r content of 
plagioclase at a constant Xa n until a common (mini-
mum) isotherm with Tab_ab = Tor .or = Tan_an is found. 
Temperatures f rom Model 2 in Table 3 are only 
accepted if the standard deviation (s.d.) is less than 
one. This method of assuming a constant X a n con-
tent is reliable only in cases without exsolution of 
Xa n . Temperatures of Model 2 are often equal to 
those of Model 1 because of low Xa n (and high Xo r) 
in alkali feldspar and low Xo r in plagioclase. Alkali 
feldspar phenocrysts and grains in the matrix of the 
hornblende-quartz-feldspar porphyry are less per-
thitic compared to other alkali feldspar -bearing 
rocks of the complex, and the Model 2 temperatures 
for the hornblende-quartz-feldspar porphyry is 
733°C. A ternary feldspar model temperature of an 
alkali feldspar megacryst with a micrographic rim 
is 809°C with Xo r = 0.031 in plagioclase. 

Some ternary temperature estimates by using 
Model 2 have a s.d. close to one or no solution has 
been found (s.d. > 1). In these cases (Model 3) the 
calculation procedure was executed only for Tab_ab 

= Tor_or at a constant Xan . This model is more appli-
cable for temperature estimates for the matrix of the 
hybrid rocks, which have low X a n (< 0.01; see 
Appendix l e and Table 3) and relatively high Xo r 

contents (0.80-0.90) in the alkali feldspar. By as-
suming a constant Xa n Models 2 and 3 give tempera-
tures below 600°C which are obviously not prob-
able crystallization temperatures for feldspars in the 
hybrid rocks. Linear shifting of X a b and X o r in the 
alkali feldspar and plagioclase would increase the 
model temperature but also lead to several possible 
temperature estimates. Also, if X a n is allowed to 
vary (even by only 2 mol%) several possible results 
may be found. 

Using Model 3, temperature estimates for the 
hornblende-quartz-feldspar porphyry are between 
650° and 750°C corresponding to the results of 
Model 2. Temperatures f rom 750° to 800°C for the 
micrographic rim surrounding alkali feldspar 

megacrysts and the micrographic texture in the 
rapakivi granite xenolith are acceptable because of 
their origin by melting of the alkali feldspar 
mega(xeno)crysts. This temperature range is 
reached with Xo r = 0 .679-0 .740 and X a b = 
0 .238-0 .288 in alkali feldspar. Xo r of 0 .679-0 .740 
in alkali feldspar is lower than the assumed equilib-
rium composition for alkali feldspars (Xo r = 
0 .75-0.82) as discussed above. This composit ion of 
alkali feldspars in the matrix of the hybrid rocks and 
hornblende granites give Model 1 temperatures 
usually under 600°C. 

Systematically lower temperatures of the matri-
ces of the hybrid rocks compared to the model 
temperatures of the micrographic rims can be as-
cribed to thermal disequilibrium between minerals 
of the hybrid rock. Also, the existence of M M E s in 
hybrid rocks of the complex is simple proof that 
thermal equilibrium has not been reached com-
pletely during the evolution of the magmas of the 
complex, because M M E s have occurred as globules 
of a hotter magma within the hybrid magma 
whereas the rapakivi granite magma has occurred 
as a cooler magma near the hybrid magma that 
probably had an intermediate temperature. The tem-
perature estimates of the micrographic rims suggest 
that this equilibrium may have been reached on a 
local scale. 

Recent seismic soundings (Luosto et al. 1990) 
indicate that the Wiborg batholith is about 8 km 
thick at the present erosion level which corresponds 
to a depth of about 2 kbar. Two kilobars was thus 
probably the pressure for the formation of the mi-
crographic texture in the hybrid rocks of the Jaala-
litti complex. Inasmuch as the Jaala-litti complex 
represents a subvolcanic complex, a pressure of 2 
kbar may be regarded as the maximum pressure that 
prevailed during the disintegration of the rapakivi 
granite xenoliths that supplied alkali feldspar 
xenocrysts into the hybrid magma. 

Amphibole-plagioclase geothermometry 

Blundy and Holland (1990) calibrated a geother-
mometer for coexisting amphibole and plagioclase. 
Even though the suitability of this geothermometer 
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was criticized by Hammarst röm and Zen (1992), 
Rutherford and Johnson (1992), and Poli and 
Schmidt (1992), the method was used for tempera-
ture calculations in the Jaala-litti complex; a com-
parison to other geothermometres is also given. 
Blundy and Holland (1990) also (see also Blundy 
& Holland 1992a, 1992b) made the case that the Al 
content in amphibole is not suitable for use as a 
barometer. Model temperatures based on the 
geothermometer of Blundy and Holland (1990) for 
the rocks of the Jaala-litti complex are listed in 
Table 4. Temperatures were calculated at 1 and 5 
kbar by using amphibole compositions (Appendix 
la) and plagioclase compositions (Appendix Id) 
based on micro-probe analyses. In general, tem-
peratures at 1 kbar are 50° to 80°C higher than those 
at 5 kbar. Choosing a maximum pressure as high as 
5 kbar is reasonable for the possible early crystal-
lization of the MMEs. The emplacement level of the 
Jaala-litti complex may be less than 2 kbar and it is 
probable that a pressure estimate of 1 kbar repre-
sents the emplacement level, at least for the major 
crystallization event(s) of the complex. 

Problems with the geothermometer results cor-
relate directly with the degree of hybridization and 
subsolidus re-equilibration of the rocks suggestive 
of thermal disequilibrium between alkali feldspars 
and plagioclases. In the hybrid rocks this is possibly 
caused by the coexistence of the hotter mafic 
magma in the hybrid rock and the cooler granite 
magma of the complex throughout the hybridiza-
tion event and the possible remixing of the different 
magmas. 

Hornblende granites and hornblende-quartz-
feldspar porphyries show relatively similar model 
temperatures at 1 kbar for plagioclase and amphi-
bole: 820-840°C. For M M E , model temperature 
estimates vary from 890° to 950°C being higher in 
the M M E from the hybrid rock (sample 91053C) 
rather than in the M M E f rom the hornblende granite 
(sample 91382). Plagioclase xenocrysts that have 
been the nuclei for crystallizing plagioclase with 
compositions from An43 to An 5 4 show slightly 
higher temperatures of 880-940°C more than in the 
host M M E matrix that shows recrystallization fea-
tures. 

Table 4. Model crystallization temperature estimates 
after Blundy and Holland's (1990) plagioclase-amphi-
bole geothermometer for the rocks of the Jaala-litti 
complex. 

Amph Plag T (°C) 
Rock # N Si N Ab I kbar 5 kbar 
Hornblende granite 

matrix 90381 1 6.46(0) 2 0.672(9) 8 3 7 ( 3 ) 7 7 5 ( 3 ) 

matrix 90161 3 6.43(20) 5 0.695(37) 8 3 8 ( 5 6 ) 7 7 6 ( 5 2 ) 

Hornblende-quartz-feldspar porphyry 

matrix 90542 3 6.45(10) 1 0.733(0) 821(21) 760(20) 
MME 

matrix 91053C 2 6.46(5) 4 0.506(23) 920(41) 854(40) 
matrix 91382 3 6.35(14) 2 0.596(7) 891(36) 825(34) 
amph incl 91382 4 6.44(7) 3 0.514(63) 906(45) 840(43) 
Pillow-like MME 

matrix 90041A 2 6.96(8) 3 0.660(68) 732(34) 675(32) 
matrix 9102 A 4 6.74(13) 1 0.639(0) 785(29) 726(27) 
comp. MME 9102 A 2 6.80(5) 1 0.730(0) 747(10) 689(9) 
Micro-enclave 
matrix 90191 6 6.53(6) 3 0.668(88) 824(41) 763(38) 
Hybrid rock 
matrix 90141 6 6.60(7) 1 0.703(0) 797(14) 737(14) 
matrix 90501 3 6.45(1) 1 0.725(0) 824(3) 762(3) 
matrix 90191 5 6.65(14) 4 0.625(76) 811(45) 750(43) 
pi mantle 90141 6 6.60(7) 3 0.663(20) 8 0 8 ( 2 1 ) 748(20) 
pi mantle 90141 3 6.45(18) 4 0.664(50) 843(60) 780(56) 
pi mantle 90141 3 6.45(18) 1 0.474(0) 945(48) 878(46) 

Si = Si in amphibole (a.f.u.), Ab = albite content ofplagiclase 
Parenthesized numbers indicate standard deviation of 
measurement in terms of least digits cited. 
N = number of analyses in average composition 
T(°C) = [(0.677P-48.98+Y)/(-0.0429-0.0083141nK)]-273.15, 

where K = [(Si-4)/(8-Si)]X,b, Y = 0 for Xab > 0.5, and 
Y = -8.06 + 25.5(1-Xab)2 fo rX a b < 0.5 

plm = plagioclase mantling alkali feldspar 

Hybrid rock temperatures of 797° to 945°C (1 
kbar) are lower as are the temperatures of pillow-
like M M E s (732-785°C at 1 kbar). These low tem-
peratures correlate with high Si contents in the 
amphiboles of the hybrid rocks (6.60-6.65 a.f.u., 
samples 90141 and 90191) and pillow-like M M E 
(6.74—6.96 a.f.u.); X a b of plagioclases vary f rom 
0.59 to 0.70 and f rom 0.62 to 0.73, respectively. 
Amphiboles f rom the micro-enclaves contain 
slightly more Si (6.53 a.f.u.) than those in the other 
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rock types (Si = 6 .35-6 .46 a.f.u.) of the complex 
including the MMEs. 

The temperature estimation for the formation of 
the micrographic intergrowth r imming alkali feld-
spar is based on the plagioclase in the intergrowth 
and amphibole f rom the surrounding matrix. Tem-
perature estimates f rom 800 to 820°C are equal to 
those of the hybrid rock matrix. The two-feldspar 
geothermometer gives a Model 2 temperature of 
809°C (Table 3) that corresponds to the tempera-
tures of the amphibole-plagioclase geothermome-
ter implying that the crystallizing temperature for 
the micrographic rim was between 800° and 820°C. 
Plagioclase mantles surrounding alkali feldspar in 
the rocks of the Jaala-litti complex show amphibole 
inclusions; these have reached temperatures in the 
range of 831° to 944°C, with a mean at 860°C. The 
highest temperature (944°C) is based on an analysis 
of the core of a plagioclase of An5 2 . The Si content 
of the amphibole inclusions in plagioclase is lower 
than in amphiboles of the hybrid rocks. For com-
parison, when Si = 6.45 is adopted, f rom plagioclase 
mantling alkali feldspar, for amphibole composi-
tion (samples 90141 and 90191), the model tem-
perature varies between 830° and 870°C at 1 kbar. 
With Si = 6.44 (amphibole inclusions in plagio-
clase, sample 90382) for an amphibole in the pil-
low-like MME, the temperature ranges f rom 825° 
to 860°C. This is lower than those of the small 
M M E and supports the idea that pillow-like M M E s 
have remained liquid longer than the small M M E s 
which usually show less features of hybridization. 
It is worth mentioning that these modal calculations 
do not take into account the possibility that the 
composition of the plagioclase may have changed. 
Changes in X a b content affect less the model tem-
peratures than do changes in the Si content of the 
amphibole. 

Fe -T i oxides 

Ilmenite and magnetite analyses f rom the granites 
and hybrid rocks are presented in Appendices If 
and lg , respectively. Fe 1 + contents were calculated 
f rom charge balance and stoichiometry. Mole frac-
tions of ilmenite and hematite in i lmenite-hemati te 

solid solution and magnetite and ulvöspinel in mag-
neti te-ulvöspine solid solution are calculated after 
the method of Stormer (1983). 

In the granites of the Jaala-litti complex magnet-
ite and ilmenite commonly form lamellar inter-
growths. In the hybrid rocks and especially in the 
M M E s and pillow-like M M E s ilmenite is the domi-
nant Fe -Ti oxide. If magnetite is far more abundant 
than ilmenite, the interoxide cooling trend will 
closely follow the magnetite isopleths with ilmenite 
changing its composition (Frost et al. 1988). On the 
other hand, if ilmenite is the dominant oxide, as it 
is in the hybrid rocks and the MMEs, the composi-
tion of ilmenite will be largely unaltered during 
cooling, while the composition of magnetite 
changes according to the reaction F e 2 T i 0 4 + F e 2 0 3 

= F e T i 0 3 + F e 3 0 4 . 
Ilmenite in the rocks of the complex is relatively 

low in hematite; f rom 0.6 to 5.9 mol% in granites 
and 0.8 to 7.9 mol% in hybrid rocks. It is also almost 
Mg-free (under 0.06 wt% MgO). MnO contents 
vary between 0.86 and 1.42 wt% in the ilmenites of 
the granites and the contents are slightly higher in 
hybrid rocks with 0 .74-2 .21 wt% MnO. 

Magnetites f rom the granites show a relatively 
wide variation in terms of the ulvöspinel component 
fraction; 5.2 to 17.1 mol%. In the hybrid rocks the 
variation is even larger; in sample 91501 it is 
21 .8-26.0 mol% whereas in sample 90191 it varies 
f rom 8.5 to 9.4 mol%. There is not much variation 
in magnetites occurring as inclusions in amphiboles 
(7 .1-8.0 mol% ulvöspinel). Magnetites have less 
than 0.03 wt% MgO. 

Two magneti te- i lmenite lamellar intergrowth 
pairs f rom the hybrid rocks (samples 90141 and 
9049IE) and f rom the hornblende-quartz-feldspar 
porphyry (sample 90402) were used to approximate 
the initial spinel composition. The area-weighted 
compositions are presented in Table 5 and calcu-
lated X U S P contents vary f rom 0.48 to 0.55 and 0.67 
to 0.87, respectively. In the hornblende-quartz-feld-
spar porphyry the variation of the X U S P is smaller 
than in the hybrid rocks and suggests that the spinel 
composition (or the composit ions of magnetite and 
ilmenite in the lamellar texture) have changed less 
compared to the composition of the ilmenite that 
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Table 5. Model spinel compositions and formulas for 
the hornblende-quartz-feldspar porphyry (sample 
91402) and hybrid rocks (samples 90141 and 90491E) 
calculated f rom area ratios and compositions of the in-
dividual lamellae. 

Hbl-qz-fsp Hybrid rock 
porphyry 

Sample 
No. 

91402 
1 

91402 
2 

90141 
1 

90141 
2 

9049IE 9049IE 
1 2 

FeO'0 ' 79.72 75.42 70.29 67.18 72.82 67.78 
TiOi 16.91 18.93 25.36 29.31 22.66 27.69 
MnO 0.51 0.67 0.71 0.65 0.51 0.67 
MgO 0 . 0 0 0.02 0 . 0 1 0 . 0 0 0 . 0 0 0.04 
Cr 2 0 3 0.02 0.02 0.19 0.03 0.03 0.05 
v2o3 0.44 0.46 2.20 0.97 0.83 1.02 
AI2O3 0.09 0.21 0.19 0.21 0.31 0.21 
Total 97.69 95.73 98.95 98.35 97.16 97.46 
FeO* 46.68 47.70 54.16 57.51 51.49 55.74 
Fe 2 0 3 * 36.72 30.81 17.93 10.75 23.70 13.38 
Total 101.37 98.82 100.75 99.43 99.53 98.80 
Formula based on 4 oxygen atoms 
Fe2+ 1.47 1.53 1.68 1.81 1.63 1.77 
Fe'1+ 1.03 0.89 0.50 0.30 0.67 0.38 
Ti 0.47 0.54 0.71 0.83 0.64 0.79 
Mn 0.02 0.02 0.02 0.02 0.02 0.02 
Mg 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 

Cr 0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 0 0.00 
V 0 . 0 1 0 . 0 1 0.07 0.03 0.03 0.03 
Al 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 

Total 3.00 3.00 3.00 3.00 3.00 3.00 

X U S P 0.48 0.55 0.76 0.86 0.67 0.82 
X M A G 0.52 0.45 0.24 0.14 0.33 0.18 

Note: FeO101 represents totaliron. 
Fe2+ and Fe'1* are calculated from charge balaice and 
stoichiometry. 
* recalculated after Fe2+ and Fe3+ in formula 
See Appendix lgforXusp and XMAGcalculations. 

occurs in minor amounts in granites of the complex. 
In the hybrid rocks with ilmenite as a major Fe-Ti 
oxide the calculated spinel compositions are less 
reliable with a greater variation in the Xusp compo-
sition. 

The temperature-oxygen fugacity space calcu-
lated by using the program QUILF (Andersen et al. 
1993) to model spinel composition and ilmenite 
f rom the matrix (number 1 in Fig. 32a) and lamellae 
compositions (number 2 in Fig. 32a) of the horn-
blende-quartz-feldspar porphyry show tempera-
tures below 650°C and l o g / 0 2 below -20. For the 

'2 

Temperature (°C) 

Fig. 32. Temperature and oxygen fugacity calculated 
for magnetite-ilmenite pairs from a) the hornblende-
quartz-feldspar porphyry (sample 91402) and b) and 
c) hybrid rocks (samples 90491E and 90141, respec-
tively) using the program QUILF (Andersen et al. 
1993). Areas represent f02-T space calculated from: 
1) model spinel and matrix ilmenite, 2) ilmenomag-
netite, and 3) individual magnetite and ilmenite grains 
in the matrix. Curved lines are solid state oxygen buff-
ers HM (hematite-magnetite, Myers & Eugster 1983), 
NNO (nickel-nickel oxide, Huebner & Sato 1970), 
QFM (quartz-fayalite-magnetite, Berman 1988), and 
MW (magnetite-wiistite, Myers & Eugster 1983). See 
text for discussion. 
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hybrid rocks (Figs. 32b and 32c) the T - / 0 2 space 
calculated f rom spinel-ilmenite pairs gives a wide 
temperature range f rom 600°C to over 1100°C and 
the l o g / 0 2 values are commonly log units 
below the QFM buffer. Spinel #2 and spinel #1 in 
Table 5 combined with matrix ilmenite give tem-
peratures under 800°C and over 1100°C. 

As in the case of the hornblende-quartz-feldspar 
porphyry, the temperatures calculated for the hybrid 
rocks by using the lamellae pairs give variable 
temperatures of less than 750°C and l o g / 0 2 values 
varying below and above the QFM. Compared to 
temperature estimates f rom the amphibole-plagio-
clase geothermometer for crystallization tempera-
tures of the plagioclase mantling alkali feldspar 
with a plagioclase (rim) composition of An5 2 giving 
temperatures of 945°C (see Table 4) the initial 
spinel (X U S P = 0 .76-0.82) - ilmenite temperatures 
of over 900°C are believed realistic estimates of the 
equilibrium temperature for the hybrid magma. At 
these temperatures the l o g / 0 2 values (-10 - -16) are 
1 - 2 log units below the QFM buffer. 

Pyroxenes 

Analyses of pyroxenes f rom the M M E s and hybrid 
rocks are presented in Appendix 1 h. Pyroxene end-
members (Mg 2 Si 2 0 6 , Fe 2 Si 2 0 6 , and C a S i 2 0 6 ) are 
calculated after Morimoto (1988); by normalizing 
Ca + Mg + S Fe to 100 (2Fe = Fe2 + + Fe 3 + + Mn 2 +) . 
In Figure 33, pyroxene compositions are plotted in 
the W o - E n - F s diagram for C a - M g - F e pyroxenes. 

Pyroxenes in the M M E s are commonly calcian 
(iron-rich) pigeonite (En32_37Fs48_57Won_16) or 
subcalcic (iron-rich) augite ( E n 2 2 _ 2 3 F s 5 0 W o 2 2 _ 2 3 ) , 

but iron-rich augite also occurs (En25Fs32Wo43) (see 
Fig. 33 and Appendix lh) . An enstatite phenocryst 
(En63_64Fs31_32Wo5, number 1 in Fig. 33) is not 
stable with the M M E host as indicated by a biotite 
rim around it. Augite or pigeonite in equilibrium 
with the enstatite is assumed to have an Mg content 
higher than the Fe content (i.e. less Fs component) . 
It is probable that the crystallization of the enstatite 
took place before injection of the mafic magma into 
the felsic magma. The composition of the inner 
parts of pigeonite in one of the M M E s (number 2 in 

Fig. 33) probably reflects the composition of 
pigeonite before hybridization. Pigeonite phe-
nocrysts with more Fe-rich rims probably represent 
crystallization close to the point at which thermal 
equilibrium between the mafic and felsic magmas 
was reached. As the hybrid magma was formed, 
more Mg and Ca relative to Fe was diffused f rom 
the mafic magma into the hybrid magma changing 
the T - / 0 2 - X conditions so that magnesium-rich 
pyroxenes were no longer stable but amphibole and 
iron-rich augite were (number 3 in Fig. 33). 

CaSi03 

• MME • HYBRID ROCK g l OCELLAR TEXTURE 

Fig. 33. Classification diagram for Ca-Mg-Fe py-
roxenes after Rock (1990) adopted to pyroxenes from 
the MMEs and hybrid rocks of the Jaala-litti complex. 
Solid line joins assumed pyroxene compositions in 
MME before hybridization (1), during hybridization 
(2), and after hybridization (3) in thermal equilibrium 
with host hybrid magma. Dotted lines represent a 
polythennal boundary of the "forbidden zone" after 
Lindsley (1983) at the pressure of 1 atm and 5 kbar. 
See text for discussion. 

In the hybrid rocks of the Jaala-litti complex all 
the pyroxenes are r immed by amphibole, and usu-
ally occur as small grains with Fe-Ti oxide pig-
ment. Augite (En24_26Fs49_5oWo27_28) in the ocellar 
texture is more fresh than augite in the matrix. 
Pigeonite occurs in two compositions: 
En30_3iFs60_6iWo8_9 and En 2 0Fs 6 8Wo 1 2 , with the 
main difference in Mg and Fe. Note also that augite 
and pigeonite f rom the hybrid rock and M M E s have 
a similar composition as shown by Figure 33 indica-
tive of similar crystallization conditions. A fer-
rosilite (En 1 5Fs 8 2Wo 3 ) and a pigeonite f rom the 
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hybrid rocks plot in the "forbidden zone" of the 
W o - E n - F s diagram (Fig. 33). To the right of the 1 
atm and 5 kbar curves pyroxene relations are me-
tastable with respect to the system augite + olivine 
+ silica indicating that ferrosilite and quartz can not 
be stable with fayalite at low pressures. Ferrosilite 
was obviously the earliest pyroxene in the hybrid 
rocks at higher pressures (> 5 kbar?), and it is 
possible that fayalite was not stable during crystal-
lization of the hybrid magma but is xenocrystic and 
derived f rom the felsic end-member of the complex. 

The M g O content in the pyroxenes f rom the 
M M E s and hybrid rocks ranges f rom 0.25 to 1.34 
wt%. C r 2 0 3 contents are less than 0.01 wt% except 
in the orthopyroxene phenocrysts f rom M M E sam-
ple 91053E that has 0 .07-0.08 wt% C r 2 0 3 . NiO, 
N a 2 0 , and K 2 0 contents are less than 0.07, 0.76, 
and 0.20 wt%, respectively. 

Although pyroxenes were found in the M M E s 
and hybrid rocks of the complex they were rimmed 
by amphibole and not in equilibrium with each 
other. The crystallization of pyroxenes apparently 
took place at different stages of hybridization as the 
mafic and felsic magmas interacted with each other. 
This and subsolidus reactions with the host and 
perhaps continuous hybridization during changes 
of the T - X (and possibly P) conditions during crys-
tallization limit the use of any two-pyroxene 
geothermobarometers for the pyroxenes of the 
Jaala-litti complex. The approximate temperature 
of min imum stability for C a - M g - F e pigeonite with 
Fe/(Fe+Mg) f rom 0.55 to 0.64 in M M E (sample 
91053A) varies f rom 930° to 880°C based on Lind-
sley (1983) and Davidson and Lindsley (1985) un-
der low pressure conditions. The minimum tem-
perature for pigeonite coexisting with augite and 
orthopyroxene at low pressures varies f rom 825° to 
880°C with Fe/(Fe+Mg) = 0.65-0.77. Lowest tem-
perature at which Fe-rich and Mn-poor pigeonite is 
stable is 825°C (Lindsley 1983). These tempera-
tures are compatible with those of the amphi-
bole-plagioclase and Fe-Ti oxide geothermome-
ters. 

Olivine 

Fe-rich olivine, commonly surrounded by amphi-
bole, is found in the granites, hybrid rocks, and 
occasionally also in the pillow-like M M E s of the 
complex. In the hornblende-quartz-feldspar por-
phyry fayalite is found as remnants in almost all 
amphibole phenocrysts. Average olivine analyses 
f rom the hornblende-quartz-feldspar porphyry and 
the hybrid rocks are presented in Appendix li . 

Forsterite contents of olivine in the hornblende-
quartz-feldspar porphyry vary f rom 3.2 to 5.4 mol% 
with an average of F04 3 and are similar to olivines 
analyzed f rom the hybrid rock (F03 3^.9). Olivines 
of the complex are low in both Cr2Ü3 and NiO, 
under 0.02 wt% and 0.08 wt%, respectively. Oli-
vine f rom the hybrid rock is slightly higher in M n O 
(mean 2.01 wt%) than that f rom the hornblende-
quartz-feldspar porphyry with (mean 1.49 wt% 
MnO). The forsterite content of the olivines in the 
rapakivi granite of the Wiborg batholith (Simonen 
1961) is about 6 mol%. 

When olivine becomes richer in Mg it can no 
longer coexist with quartz, and orthopyroxene be-
comes stable; orthopyroxene can coexist with ox-
ides and with either olivine or quartz (Lindsley & 
Frost 1992, Andersen et al. 1993). This feature is 
apparent in the hybrid rocks and hornblende-quartz-
feldspar porphyry of the complex, where olivine is 
mainly found surrounded by amphibole, and also in 
the hornblende granite in which olivine is found as 
inclusions in plagioclase (An3o). Ferrosilite is rare 
and is surrounded by amphibole so that equilibrium 
between the F e - M g silicates was not reached. Fay-
alitic olivine may have been stable in the early 
stages of crystallization, followed by ferrosilite (not 
found in the granites of the complex), pigeonite, and 
augite. It is more probable that fayalite crystallized 
in the felsic end-member and was incorporated into 
the hybrid magma. This means that the use of fay-
alite to evaluate crystallization or equilibrium con-
ditions in the hybrid rocks is meaningless. In the 
pillow-like M M E s crystallization of fayalite did not 
occur because of the relatively low Fe (and high Si) 
content and therefore olivine was probably derived 
f rom the felsic magma. 
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In Fe-rich metamorph ic and highly evolved ig-
neous rocks, quartz can coexist with Fe2Si04-rich 
olivine (Frost etal. 1988). One pertinent reaction is 
given by QUI1F (Frost et al. 1988, Frost & Lindsley 
1992, Lindsley & Frost 1992): 

S i 0 2 + 2Fe 2 Ti0 4 = 2FeTi0 3 + F e 2 S i 0 4 

Quartz + Ulvöspinel = Ilmenite + Fayalite 

Above the QUI1F, fayalite and ilmenite are both 
not stable with ulvöspinel and quartz and below the 
QUI1F quartz and ulvöspinel are both not stable 
with fayalite and ilmenite (Frost et al. 1988). This 
is apparent in the hybrid rocks which have predomi-
nantly ilmenite and magnetite and grains with mag-
netite-ilmenite lamellar intergrowths are rare. In 
the hornblende-quartz-feldspar porphyries magnet-
ite-ilmenite lamellae are more common than il-
menite, and in this case the stability is above the 
QUI1F. The approximate stability of fayalite (sam-
ple 90301 in Appendix l i) , spinel (sample 91402, 
spinel #1 in Table 5), and ilmenite (sample 91402) 
with quartz was calculated by using the program 
QUILF (Andersen et al. 1993). It is probable that in 
hornblende-quartz-feldspar porphyry, the ilmenite 
composition has changed more than the approxi-
mate spinel composition, so in the calculations the 
mole fraction of X H E M (and X I L M) were allowed to 
change to achieve QUI1F stability. The results, cal-
culated for 1 to 5 kbars, show a temperature range 
from 800° to 840°C and l o g / 0 2 from -15.1 to -13.9 
(0.5 to 0.6 log units below QFM) when X J L M = 

0.920-0 .906 (initial X,L M = 0.985). The calculated 
X I L M values have been lowered up to 8 mol% but 
are correlated with X I L M contents of the hybrid 
rocks ( X I L M - 0.932 in sample 90141 in Appendix 

If). 

GEOCHEMICAL CHARACTERISTICS OF 
THE ROCK TYPES OF THE JAALA-IITTI 
COMPLEX 

In this chapter the geochemical characteristics of 
the granites, MMEs, and hybrid rocks are given as 
well as their tectonomagmatic affinities. Composi-
tional data with major and minor elements and 

normative compositions are given in Appendices 
2a, 2b, and 2c, and in Figure 34 to Figure 46. In 
Figure 34 the rocks of the Jaala-litti complex are 
plotted in the R,R2-diagram of de la Roche et al. 
(1980). The composition of the rocks varies almost 
linearly from granites (hornblende granite and 
hornblende-quartz-feldspar porphyry) to gabbros 
(MMEs) with the hybrid rocks of granodiorite com-
position having more Mg and Ca (i.e., tonalite af-
finities) compared to granites of the complex. Pil-
low-like MMEs are inclined toward the hybrid 
rocks and the least evolved small MMEs approach 
the gabbro field. 

R, = 4Si + 11(Na+K) - 2(Fe+Ti) 

GRANITES MAGMATIC MAFIC ENCLAVES 

O Hornblende granite • (small) MME 
• Hornblende-quartz- • Pillow-like MME 

feldspar porphyry 

• HYBRID ROCKS 

Fig. 34. Geochemical classification of the granites, 
MMEs, and the hybrid rocks of the Jaala-litti complex 
according to the multication R,R2-diagram of de la Ro-
che et al. (1980). Abbreviations: alk-gr - alkali-feld-
spar (or alkali) granite, gr - granite, grdr -
granodiorite, ton - tonalite, mz - monzonite, mzdr -
monzodiorite, dr - diorite, mzgb - monzogabbro, gb -
gabbro, qz - quartz. 

Analytical procedures 

All whole-rock samples were analysed at the X-Ray 
Assay Laboratories Ltd (XRAL), Canada. Since all 
samples were agate-milled, the maximum amount 
of extra S i 0 2 that can occur is of interest, this is 0.3 
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wt% according to XRAL. The weight of the felsic 
samples was usually about 2 kilograms. M M E sam-
ples were obviously smaller, and before being ana-
lyzed they were sawn into thin slabs in order to 
avoid parts with xenocrysts. Felsic samples were 
treated in a similar fashion to avoid contamination 
by MMEs. However, pillow-like M M E s were ana-
lysed as such using samples weighing about two 
kilograms. Analytical methods are shown in Figure 
35. 

For two samples (MME 91053B and quartz-feld-
spar porphyry 91402) S m - N d isotope analysis were 
performed at the Unit for Isotope Geology, Depart-
ment of Petrology, Geological Survey of Finland by 
O. Tapani Rämö (see O'Brien et al. 1993, pp. 
151-152, for analytical procedures). 

Granites 

The diagnostic chemistry of rapakivi granites com-
pared to other granite suites of southeastern Fennos-
candia include high Si, K, F, Rb, Ga, Zr, Hf, Th, U, 
Zn, total alkalies, and R E E (except Eu) abundances 
as well as high K/Na, Fe/Mg, Ga/Al, and low Ca, 

Mg, Al, P, and Sr (Sahama 1945, Vorma 1976, 
Haapala 1977b, Nurmi & Haapala 1986, Rämö 
1991, Haapala & Rämö 1992, Rämö & Haapala 
1995). Rapakivi granites in general show the char-
acteristics of A-type and within plate granites (see 
also Haapala & Rämö 1992, Rämö & Haapala 1995, 
and references therein). 

The chemical composition of the hornblende 
granites and hornblende-quartz-feldspar porphyries 
of the Jaala-litti complex are presented in Appendix 
2a, Table 6, and Figures 36 through 38. The granites 
of the Jaala-litti complex show only relatively small 
variation in the S i 0 2 contents: 66 .40-67.90 wt% 
S i 0 2 in hornblende granites and 67 .60-69 .30 wt% 
SiO? in hornblende-quartz-feldspar porphyries. 
FeO*/(FeO*+MgO) ratios range f rom 0.89 to 0.93. 
Total alkali ( N a 2 0 + K 2 0 ) contents of the rocks vary 
f rom 7.41 to 8.11 wt% reflecting subalkaline char-
acteristics (c.f., Irvine & Baragar 1971) which is 
also seen in the relatively low NK/A (molecular 
( N a 2 0 + K 2 0 ) / A l 2 0 3 ) ) ratios of 0.75 to 0.81. The 
granites are clearly metaluminous with A/CNK 
(molecular A l 2 0 3 / ( C a 0 + N a 2 0 + K 2 0 ) ) ratios in 
range of 0.87 to 0.93. 
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Fig. 35. Analytical methods and detection limits (in ppm). Analysed elements are shaded. 
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The variation of trace element contents in horn-
blende granites and hornblende-quartz-feldspar 
porphyries are (in ppm): F 1190 to 2100, Cl 303 to 
499, Ba 785 to 1230, Zr 371 to 534, Rb 182 to 250, 
Sr 102 to 182, Zn 75 to 177, Y 39 to 86, Nb 21 to 
34, Ga 22.5 to 28, U 5 to 7.4, and Th 16 to 29. The 
H 2 0 + contents are low, 0.30 to 0.90 wt%. 

REE abundances (Fig. 36) of the granites show 
typically negative Eu anomalies with (Sm/Eu)N ra-
tios in the range from 2.12 to 2.80 (Eu/Eu* = 
0 .42-0 .55) and enrichment of LREE relative to 
HREE ((La/Yb)N = 8.57-10.65). No major differ-
ences occur between hornblende granites (Fig. 36a) 
and hornblende-quartz-feldspar porphyries (Fig. 
36b). Large scale fractional crystallization effecting 
the composition of granites of the complex is not 
obvious. The most evolved hornblende granite sam-
ple (91381) shows an enrichment of REE, Rb, and 
F and a depletion of Ba compared to other samples 
(see Appendix 2a). This sample also contains more 
Ti, Ca, and Mg compared to the other analysed 
samples which may reflect interaction with a mafic 
magma. 

S m - N d isotopic data for the hornblende-quartz-
feldspar porphyry sample 90402 are given in Table 
6 compared with the average of three hornblende 
granite analyses f rom the Suomenniemi complex 

Fig. 36. Chondrite-normalized rare earth element analyses 
feldspar porphyries of the Jaala-litti complex. 

(Rämö 1991). The hornblende-quartz-feldspar por-
phyry sample was chosen as a representative of the 
felsic end-member because of the lack of M M E s in 
it and because petrographic studies suggest that it is 
the least hybridized rock type of the complex. The 
Sm (13.93 ppm) and Nd (78.03 ppm) contents of 
sample 91402 are lower than those of the horn-
blende granites f rom the Suomenniemi complex 
with an average Sm = 19.92 ppm and Nd = 108.07 
ppm. The 1 4 7Sm/1 4 4Nd and 1 4 3Nd/1 4 4Nd values for 
sample 90402 are 0.1080 and 0.511586, respec-
tively, being slightly lower than those of the average 
hornblende granite f rom the Suomenniemi complex 
with 1 4 7Sm/1 4 4Nd = 0 .1094-0 .1128 and 
l 4 3Nd/ 1 4 4Nd = 0.511629-0.511638. The e N d (1630 
Ma) = -2.0 is lower than in the hornblende granite 
average of the Suomenniemi complex but it lies 
within the evolution path of the Finnish rapakivi 
granites in the e N d versus age diagram (see Rämö 
1991, Fig. 32) with T C H U R = 1807 Ma and T D M = 
2098 Ma. The eN d(T) of the hornblende-quartz-feld-
spar porphyry calculated at 1640 Ma is similar to 
that value eNd(T) = -1.7 of the mean for the horn-
blende granite f rom the Suomenniemi complex. 

In the discrimination diagram of Whalen et al. 
(1987) the granites of the complex plot into the 
A-type field (Fig. 37) simply because of their high 

of (a) hornblende granites and (b) hornblende-quartz-
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Table 6. Sm-Nd isotopic data for the hornblende-quartz-feldspar porphyry sample 91402 of the Jaala-litti complex 
and average Sm-Nd isotopic data (n=3) of the hornblende granites from the Suomenniemi complex (data from 
Rämö 1991). 

Age Sm Nd 147Sm/ ' «Nd / £n<J(T) TCHUR TDM 
(Ma) (ppm) (ppm) 144Nd 144Nd (Ma) (Ma) 

Jaala-litti complex 1630* 13.93 78.03 0.1080 0.511586 -2.0 1807 2098 
(±5) (±15) (±0.5) (±35) 

Suomenniemi complex 1640 19.92 108.07 0.1114 0.511634 -1.7 2093 

' Vaasjoki et al. (1991). 

1 10 2 10 
10000Ga/AI 10000Ga/AI 

O Hornblende • Hornblende-quartz- O Rapakivi granite 
granite feldspar porphyry xenolith 

Ga/Al (10000Ga/Al = 3.27^1.31). Besides the high 
Ga/Al, A-type characteristics of the rocks are 
clearly visible in the high contents of Zr, Nb, Ce, 
and Zn and in the high agpaitic index. In Figure 37 
an analysis of the rapakivi granite xenolith (sample 
9014X, Appendix 2a) in the hybrid rock (sample 
90141) is also plotted. It is similar to the granites of 
the complex, except in having a higher K 2 0 + N a 2 0 . 
This is due to the higher alkali feldspar content in 
the xenolith. 

Figure 38 shows the granites of the Jaala-litti 
complex plotted in the tectonomagmatic discrimi-
nation diagrams of Pearce et al. (1984). The horn-
blende granites and hornblende-quartz-feldspar 
porphyries of the complex show within plate granite 
characteristics but plot in two diagrams (Figs. 38a 
and 38b) also in the ocean ridge granite field sepa-
rated by a dotted line representing the upper com-
positional boundary for ORG. The granites of the 
complex plot, in Figures 38b and 38d, in the "triple 
point" of syn-COLG, WPG, and V A G fields but 
show W P G characteristics again in Figure 38e 
when separating W B G and ORG fields and in Fig-
ure 38f when separating W P G and V A G + C O L G 
fields. 

Fig. 37. Geochemical discrimination diagrams after 
Whalen et al. (1987) adopted to the analyses of the 
hornblende granites and quartz-feldspar porphyries of 
the Jaala-litti complex, a) K20+Na20 vs. Ga/Al, b) 
(K20+Na20)/C a O vs. Ga/Al, c) K2Ö/MgO vs. Ga/Al, 
d) FeOVMgO vs. Ga/Al, e) Zr vs. Ga/Al, f ) Nb vs. 
Ga/Al, g) Ce vs. Ga/Al, h) Yvs. Ga/Al, i) Zn vs. Ga/Al, 
and j) agpaitic index vs. Ga/Al. Shaded areas represent 
the joint compositional space of the M-, I-, and S-type 
granites. Open circles represent the composition of a 
porphyritic rapakivi granite xenolith (sample 9014X in 
Appendix 2a) in hybrid rock. 



52 Pekka T. Salonsaari 

1000 

100 - = 

10 

a) 
WPG 

: X * 
E VAG + 
-. syn-
: COLG 

/ ORG 

100 

E 
a. Q. 

1 0 - E 

10 100 
Y (ppm) 

1000 

1000 

E a. 

n 
cc. 

10 

i d ) 
- syn-COLG / 

WPG / 

: VAG 

- / ORG 

i III i i i i 11 in 

0.1 

1000 

b) 
WPG 

E syn-
K COLG 

: VAG ORG 

1 1 1 1 1 1 II 1 

1000-F 

10 
Yb (ppm) 

100 

E 
a. 

CC 

10 

1 e ) WPG 

• syn-COLG 

; 
VAG 

ORG 

i i i 1 i i i 

1 0 0 - F 
f ) 

100 1000 
Y+Nb (ppm) 

WPG + ORG 

E 
a. 
S 1 0 - = 
£3 
Z VAG + COLG + ORG 

10 100 

Yb+Ta (ppm) 
64 68 

Si02 (wt%) 

1 -I—1—1—1—H 
72 64 68 

Si02 (wt%) 
72 

O Hornblende granite • Hornblende-quartz-feldspar porphyry 

Fig. 38. Tectonomagmatic discrimination diagrams after Pearce et al. (1984) adopted to analyses of the hornblende 
granites and hornblende-quartz-feldspar porphyries of the Jaala-litti complex, a) Nb vs. Y. b) Ta vs. Yb, c) Rb vs. 
Y+Nb, d) Rb vi. Yb+Ta, e) Rb vs. SiÖ2, andf) Nb v.v. Si02• Abbreviations: WPG - within plate granites; VAG - vol-
canic arc granites, ORG - ocean ridge granites, and COLG - collision granites. 

Small M M E s and pillow-like M M E s 

Magmatic mafic enclaves of the Jaala-litti complex 
are assumed to represent pieces of the Subjotnian 
mafic magmas that were emplaced between 1665 to 
1635 Ma in southeastern Finland (Vaasjoki et al. 

1991). This mafic magmatism temporally and spa-
tially associated with the rapakivi granite magma-
tism comprises diabase dykes and minor gabbroic 
and anorthositic bodies. The Subjotnian diabase 
dykes in southeastern Finland range in composition 
f rom quartz tholeiite to olivine tholeiite with S i 0 2 

f rom 47 to 53 wt%, and they are hypersthene-nor-
mative, alkaline or subalkaline in composition 
(Rämö 1990, 1991). 

The chemical composit ion of the M M E s and 
pillow-like M M E s f rom the Jaala-litti complex are 
presented in Appendix 2b, Table 7, and Figures 39 

through 43. As discussed earlier, M M E s and pil-
low-like M M E s show signs of interaction between 
the mafic and felsic magmas; recrystallized MMEs, 
for example, contain variations in mineral compo-
sitions and variable amounts of xenocrysts. All 
these have affected the composition of the MMEs. 
M M E specimen (9004A), a composite enclave in a 
pillow-like M M E , has 50.30 wt% S i 0 2 , 5.07 wt% 
total alkalies ( N a 2 0 + K 2 0 ) , and Mg number of 
36.50. These values are similar to those f rom the 
least hybrid M M E s (i.e., samples 91053A, 91053B, 
and 91053E) with S i 0 2 f rom 50.80 to 51.80 wt%, 
total alkalies f rom 4.62 to 5.34 wt%, and Mg num-
bers f rom 35.84 to 37.54. The Mg numbers are 
lower than those of the diabase dykes of the 
Suomenniemi (26 to 49) and Häme (38 to 61) 
swarms (Laitakari 1969, Boyd 1972, Rämö 1990, 
1991). In the pillow-like MMEs , the Mg numbers 
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vary f rom 28.5 to 34.3 possibly reflecting a decrease 
in the Mg/Fe due to hybridization with the felsic 
magma. All M M E s show subalkaline charac-
teristics (Fig. 39), with a composition range f rom 
(high-K) basalt to (high-K) trachyte in the chemical 
classification of Le Bas (1986). K 2 0 contents of the 
M M E s range f rom 1.83 to 3.85 wt%. K 2 0 / N a 2 0 for 
the least hybrid MMEs vary f rom 0.66 to 0.70, for 
hybrid M M E s from 0.89 to 1.58, and for pillow-like 
M M E s f rom 0.90 to 1.21. In general, M M E s show 
high FeO (6.70-11.40 wt%) and fall in the tholeiitic 
field in N a 2 0 + K 2 0 - M g 0 - F e 0 * space (Fig. 40) 
and show an alkali-enriched trend. All M M E s and 
pillow-like MMEs are quartz-normative with 
4 .01-4 .54 wt% normative quartz in the least hybrid 
M M E s and 9 .60-15.78 wt% in hybrid M M E s and 
pillow-like M M E s (see Appendix 2b). 

In the tectonomagmatic K20-P2C>5-TiC)2 dia-
gram after Pearce etal. (1975) (Fig. 41a) the M M E s 
and pillow-like M M E s plot in the non-oceanic field 
with increasing K 2 0 content controlled by the de-
gree of hybridization. In Figure 41b, most of the 

Si02 (wt%) 

Fig. 39. Na20+K20 vs. Si02 diagram of the MMEs 
and pillow-like MMEs of the Jaala-litti complex. 
Chemical classification and nomenclature after Le Bas 
et al. (1986). The solid line divides the fields of alka-
line and subalkaline rocks after Irvine and Baragar 
(1971). 

field despite the clear continental trend shown in 
Figure 41a. This may be due to hybridization having 
increased the A1 2 0 3 content of the rocks. It should 
be noted, however, that the M g 0 - A l 2 0 3 - F e 0 * dia-
gram applies only to subalkaline rocks of basaltic 
andesite composition with 5 1 - 5 6 wt% S i 0 2 (Pearce 
et al. 1977) thus excluding some of the M M E 
compositions but those with 5 1 - 5 6 wt% S i 0 2 fall 
in the CFB space. In the Z r - 3 Y - T i / 1 0 0 diagram 
(Fig. 41c) three analyses fall into the field of within 
plate basalts, and in the Z r / 4 - Y - 2 N b diagram (Fig. 
4 Id) most of the samples show within plate charac-
teristics. It is possible that those M M E s showing 
CFB characteristics have retained their initial Ti, 
Nb, Y, and Zr, whereas other M M E s and pillow-like 
M M E s in Figure 41 show increasing K 2 0 , A1203 , 
and Zr and a loss of Ti. Three M M E analyses in 
Figures 41a through 4 I d may closely approach the 
unmixed initial composition of the injected mafic 
magma. 

The mean composition (MMEP , Appendix 2b) of 
the three most primitive M M E s (samples 9004A, 
91053A, and 91053B, Appendix 2b) is assumed to 

FeO* 

A (small) MME • Pillow-like MME 

Fig. 40. Chemical composition of the MMEs and pillow-
like MMEs of the Jaala-litti complex plotted in an AFM 
(Na20+K20-Mg0-Fe0*) diagram. Tholeiitic and calc-
alkaline field after Irvine and Baragar (1971). 

A (small) MME • Pillow-like MME 
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Fig. 41. Chemical composition of the MMEs and pillow-like MMEs of the Jaala-litti complex plotted in (a) the 
K20-P20y-Ti02 diagram of Pearce et al. (1975), (b) the Mg0-Al20,-Fe()* diagram of Pearce et al. (1977), (c) the 
Zr-3Y-Ti diagram of Pearce and Cann (1973), and (d) the Zr-Y-Nb diagram of Meschede (1986). FeO* represents 
total Fe. Abbreviations in (c) and (d): WPB - within plate basalts (ocean island + continental basalts), LKT- low 
potassium tholeiites, OFB - ocean floor basalts, CAB - calc-alkali basalts, WP A - within plate alkali basalts, WPT 
- within plate tholeiites, MORB - mid-ocean ridge basalts, and VAB - volcanic arc basalts. 

be the initial composition of the mafic magma of 
the complex. In Figure 42, this has been used to 
normalize other M M E and pillow-like M M E analy-
ses of the complex (Fig. 42a) as well as the diabases 
and the assumed initial liquid composition (Rämö 
1991, Table 13) f rom the Suomenniemi complex 
(Fig. 42b). 

Hybrid M M E s and pillow-like M M E s show less 
Ti, Fe to t, Mn, Mg, and Na compared to MME P . The 
remarkably high K (up to two times that in MME P ) 
in MMEs reflects assimilation of alkali feldspar 
xenocrysts or diffusion of K f rom the felsic magma. 

The MME P composition corresponds to the in-
itial liquid composition of the Suomenniemi com-
plex as regards Si, Fe lo t, Mn, and Na which differ 
less than 10 % f rom the M M E P composition; the 
difference of Al (1 .3*MMEP ) and K (0.7*MMEP) 
content can not be directly correlated with the pos-
sible small amounts of alkali feldspar contamina-
tion of the MME P . In Figure 42b two groups of 
diabases f rom the Suomenniemi complex with dif-
ferent Tiu contents are apparent. Those diabases 
having TiN less than one seem to have an excess of 
Al when compared to the Ti and Al composition of 
the MME P . Rämö (1991) suggested that the high Al 

contents may be due to enrichment of plagioclase 
as a cumulate. Initial composition of the diabases of 
the Suomenniemi complex also contain 1.2*Mg# 
by comparison with MME P , and it is possible that 
the mafic magma of the Jaala-litti complex is 
slightly more evolved than the average diabase 
magma of the Suomenniemi complex. 
Similarly, the more evolved composition of the 
M M E s as compared to the mean composition of the 
Subjotnian diabases f rom the Suomenniemi com-
plex is also apparent in the Sm-Nd isotopic data of 
Table 7. The Sm and Nd contents of sample 91053B 
(9.96 ppm and 48.88 ppm, respectively) are only 
slightly lower than those of the Suomenniemi com-
plex with Sm = 10.21 ppm and Nd = 49.91 ppm 
(average of 9 analyses). The l 4 7 Sm/ ' 4 4 Nd as well as 
1 4 3Nd/ l 4 4Nd are also lower compared to average 
diabase composition of the Suomenniemi complex, 
but in general the e N d (1630 Ma) = -0.5 and T D M = 
2045 Ma (Suomenniemi complex 2030 Ma) shows 
a close relationship to the general evolution of the 
Subjotnian diabases (see Rämö 1991) and for the 
primary, not hybrid composition of the mafic 
magma of the Jaala-litti complex. To summarize, 
the least evolved M M E s represent Subjotnian mafic 
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Fig. 42. Elements of (a) MMEs and pillow-like MMEs 
from the Jaala-litti complex and (b) diabase dykes 
from the Suomenniemi complex (data from Rämö 
1991) normalized against the MME!' of the Jaala-litti 
complex. Fe represents total Fe. 

magmas, and they most probably are globules of 
that mafic magma without significant chemical ex-
change with the felsic magmas they intruded. 

The REE-patterns of the M M E s ([Gd/Yb]N = 
1.9) and pillow-like M M E s ([Gd/Yb]N = 1.9 to 2.0) 
are similar to those of the evolved diabases of the 
Suomenniemi complex (Fig. 43). One sample 
(91382) shows a REE pattern dissimilar to the oth-
ers. It is a M M E ([La/Yb]N = 9.93, [Sm/Eu]N = 2.54, 

and Eu/Eu* = 0.47) enclosed in the hornblende 
granite with (La/Yb)N = 10.41, [Sm/Eu]N = 2.80, 
and Eu/Eu* = 0.42. This M M E is recrystallized 
(Fig. 24a) and its amphibole and plagioclase are 
compositionally similar to those in the host horn-
blende granite. This points to a local equilibrium 
between the mafic and felsic magmas which is also 
manifested by a slight increase of the Ti, Ca, and 
Mg contents of the hornblende granite compared to 
the bulk of the granites of the complex. 

The pillow-like M M E s show slightly negative 
Eu anomalies with a ( S I T I / E U ) N ratio f rom 1.54 to 
2.02 (MME P = 1.44). Alkali feldspar and plagio-
clase usually contain more Ba, Sr, and Eu than other 
minerals (Arth 1976) and therefore a positive Eu 
anomaly in the pillow-like M M E s is expected due 
to assimilation of feldspar xenocrysts. Otherwise 
the Eu content in pillow-like MMEs varies f rom 
1.92 to 2.59 ppm; these values lie between the Eu 
contents of the M M E P (2.69 ppm) and granites 
(1.78-2.51 ppm, average 2.20 ppm) of the complex. 
Thus the negative Eu anomaly in the pillow-like 
MMEs probably reflects chemical exchange be-
tween the mafic magma and felsic magma instead 
of xenocryst assimilation. The hybrid character of 
the composition of the pillow-like M M E s is also 
reflected in their LREE-enriched character relative 
to the M M E P composition. Hybridization of the 
mafic magma is also denoted by the higher 
LREE/HREE of the pillow-like M M E s (6.92-9.18) 
and hybrid M M E s (6.61-8.61) compared to M M E P 

(6.52). For comparison, LREE/HREE in horn-
blende granites and hornblende-quartz-feldspar 
porphyries ranges f rom 8.10 to 9.34. 

Xenocryst assimilation is shown by an increase 
of Ba content in the pillow-like M M E s (759-1020 

Table 7. Sm-Nd isotopic data for the MME sample 91053B of the Jaala-litti complex and average Sm-Nd isotopic 
data (n=9) of the diabases from the Suomenniemi complex (data from Rämö 1991). 

Age Sm Nd 147SmJ ,43Nd/ £ N D ( T ) TCHUR T D M 

(Ma) (ppm) (ppm) 144Nd 144Nd (Ma) (Ma) 
Jaala-litti complex 1630* 9.96 48.88 0.1232 0.511826 -0.5 1686 2045 

(±5) (±7) (±0.5) (±26) 

Suomenniemi complex 1639 10.21 49.91 0.1254 0.511862 -0.2 2030 

Vaasjoki et al. (1991). 
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Fig. 43. Chondrite-normalized rare earth element compositions of (a) MMEs from hybrid rocks and hornblende 
granite and (b) pillow-like MMEs in hybrid rocks from north of lake Kirkkojärvi. Shaded areas represent REE-
analyses of the diabases from the Suomenniemi complex (data from Rämö 1991). 

ppm) compared to MME P (594 ppm). The highest 
Rb and lowest Sr contents occur in a recrystallized 
M M E (sample 91382) and the lowest Rb and the 
highest Sr contents in the least hybridized MMEs. 
Cr and Ni contents of the M M E s and pillow-like 
M M E s are low, varying f rom 9 to 49 ppm and 3 to 
20 ppm, respectively. 

The F content in the M M E s varies usually f rom 
I 100 to 1800 ppm (pillow-like MMEs) and f rom 
1100 to 3000 ppm (small MMEs) , and an exception-
ally high F content, 8000 ppm, was found in M M E 
(sample 91382) f rom the hornblende granite. These 
values are higher than for example those in the 
diabases of the Suomenniemi complex where F 
contents vary f rom 800 to 2200 ppm (O.T. Rämö 
1994, personal communication). It is probable that 
the high F content of M M E s compared to pillow-
like M M E s is connected to the degree of hybridiza-
tion; extra fluorine was added to the mafic magma 
as in M M E sample 91382 that contains almost four 
times more F than its host, hornblende granite (sam-
ple 91381). A similar feature, but on a smaller scale, 
is apparent in the H 2 0 + contents of the M M E s that 
vary f rom 0.60 to 1.60 wt% in the pillow-like 
M M E s and f rom 0.30 to 0.90 wt% in the granites of 
the complex. Diffusion of fluorine f rom felsic to 

mafic magma had the probable effect of crystal-
lizing needle-like apatite in the mafic magma, and 
together with the increase of the H 2 0 + content it 
decreased the crystallization temperature. 

Hybrid rocks 

The criteria used to distinguish hybrid rocks and 
granites in the Jaala-litti complex is based on the 
occurrence of ocellar and micrographic textures. 
Megacrysts were in part derived f rom the partially 
crystallized rapakivi granite magma and denote 
thermal disequilibrium with the host hybrid 
magma. Mantling of quartz xenocrysts by amphi-
bole and augite coronas is lacking in the granites of 
the complex. M M E s are also more prevalent in the 
hybrid rocks than in the granites of the complex. 

The chemical composition of the hybrid rocks of 
the Jaala-litti complex is presented in Appendix 2c, 
and Figures 44 through 46. In Figure 44, S i 0 2 , T i 0 2 , 
A1203 , F e 2 0 3 , FeO, MnO, CaO, N a 2 0 , K 2 0 , P 2 0 5 , 
F, Ba, Zr, Rb, and Sr contents of the hornblende 
granites, hornblende-quartz-feldspar porphyries, 
MMEs, pillow-like MMEs, and hybrid rocks are 
plotted against their M g O contents. The hybrid 
rocks plot clearly between the M M E s and granites 
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in Figures 44a, 44b, 44e, 44f, 44g, 44i, 44j. 441, 
44m, 44n, and 44o. Sample 9049IE (see Appendix 
2c) shows a composition similar to that of the 
hornblende granites but is included in the hybrid 
rocks because ocellar texture is common in the rock. 
This sample is assumed to be the least hybridized 
granite of the complex and supports the idea that 
there is a gradual change in composition between 
the hybrid rocks and granites. 

The granites of the complex are compositionally 
homogeneous except in terms of their F e 2 0 3 (Fig. 
44d), N a 2 0 (Fig. 44h), and Ba (Fig. 441) contents. 
In the hybrid rocks and some of the M M E s the 
variation of N a 2 0 content may be related to local 
heterogeneity in the amount of M M E s in the hybrid 
magmas and mixing of the hybrid magmas with 
granite magmas or maf ic magmas. In such circum-
stances, Na (and K) behave as extremely mobile 
elements (Watson & Jurewicz 1984). Most of the 
elements in the hybrid rocks have concentrations 
between those in the M M E s and granites, but the 
hybrid rocks are closer in composit ion to the gran-
ites than M M E s indicating that the proportion of 
mafic end-member is relatively low compared with 
the proportion of the felsic end-member. 

Geochemically, the hybrid rocks differ f rom the 
granites in their contents of S i 0 2 (63.10-68.10 
wt%) M g O (0.80-1.42 wt%), TiO? (0.87-1.17 
wt%) FeO (4.40-6.00 wt%), M n O (0.08-0.12 
wt%), CaO (2.54-3.78 wt%), K 2 0 (4.14-4.81 
wt%), Zr (373-513 ppm), Rb (158-219 ppm), and 
Sr (126-219 ppm). A1 2 0 3 (Fig. 44c) does not show 
much variation in the rock types of the complex. A 
relatively good correlation of K 2 0 and M g O con-
tents (Fig. 44i) is the result of chemical exchange of 
K between the mafic magma and the felsic magma, 
rather than assimilation of alkali feldspar 
xenocrysts by hybrid rocks and MMEs. The fluo-
rine content in hybrid rocks (830 to 2100 ppm) is 
similar to that of the granites (1190 to 2100 ppm). 
The H 2 0 + content (0 .50-1.10 wt%) in the hybrid 
rocks is, on the average, slightly higher than in the 
granites (0.30-0.90 wt%). 

REE patterns of the hybrid rocks f rom are similar 
to those of the other rock types of the complex (Fig. 
45). In detail, however, the hybrid rocks show 

slightly lower HREE contents (35.13 to 42.16 ppm, 
average 37.56 ppm) compared to the granites 
(34.95-55.35 ppm, average 41.10 ppm). 
LREE/HREE ratios for hybrid rocks vary f rom 7.36 
to 10.41 and for hornblende granites and horn-
blende-quartz-feldspar porphyries f rom 8.10 to 
9.34. 

In Figure 46a, normative An/(An+Or) ratios are 
plotted against Mg number. The An/(An+Or) ratios 
of the granites vary f rom 19.89 to 24.63 whereas in 
hybrid rocks the range is 24.90-32.97. A similar but 
negative trend appears in the normative quartz (Q) 
versus Mg number diagram of Figure 46b in which 
the normative Q values decrease in hybrid rocks 
with increasing Mg number and normative Q in-
creases in MMEs along with decreasing Mg 
number. Both Figures 46a and 46b show that, in the 
granites, the normative An/(An+Or) and normative 
Q values (13.98-21.14) remain relatively constant 
with increasing Mg number. The normative 
An/(An+Or) to normative Q (ANOR/Q) for the 
granites varies f rom 0.81 to 0.96. For the hybrid 
rocks A N O R / Q values are f rom 0.98 to 1.78 and 
clearly correlate with the degree of hybridization. 
For comparison, the A N O R / Q values for the silicic 
rocks of the Suomenniemi complex, which are non-
hybrid in origin, range f rom 0.18 to 1.01, so that 
A N O R / Q = 1 seems to be the maximum value for 
separating hybrid rocks and granites. A N O R / Q val-
ues for M M E s and pillow-like M M E s range f rom 
2.93 to 16.03 and f rom 2.27 to 4.79, respectively. 

M A G M A T I C E V O L U T I O N OF T H E 
JAALA-IITTI C O M P L E X 

On the origin of the end-member magmas 

The granites and non-hybridized M M E s of the 
Jaala-litti complex show little chemical variation. 
Local chemical heterogeneity in the granites is 
caused mainly by small amounts of MMEs and 
xenoliths. As regards heterogeneity in the mafic 
rocks of the complex, it is related mainly to chemi-
cal exchange between the mafic magma and the 
felsic magma resulting in hybrid MMEs. Magma 
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Fig. 45. Chondrite-normalized rare earth element 
analyses of the hybrid rocks of the Jaala-litti complex. 
The shaded area covers the whole range of REE com-
positions of the complex. 

mixing has probably been a major mechanism in the 
generation of the hybrid rocks of the complex. 

Felsic end-member 

Mafic underplating has been proposed as the cause 
of partial melting in the crust producing rapakivi 
granite magmas (Huppert & Sparks 1988. Rämö & 
Haapala 1991). These, in turn, are intruded at high 
crustal levels (Vorma 1975, 1976) forming rapakivi 
granite batholiths, stocks, and silicic dykes. The 
granites of the Jaala-litti complex plot, in the 
A b - O r - Q diagram of Figure 47a, in an area corre-
sponding to pressures of 7 to 10 kbars. This is what 
has been found f rom the rapakivi granites of the 
Wolf River Granite, U.S.A. (Anderson & Cullers 
1978) and the Suomenniemi complex (Rämö 1991). 
In Figure 47b, the minimum melt composit ions in 
the system Q - A b - O r at pressures of 2, 5, and 10 
kbars at water activities of 0.1, 0.5, and 1.0 are 
shown (data f rom Ebadi & Johannes 1991). For 
comparison, Figure 47b also contains a data set for 
the Finnish rapakivi granites, area-weighted com-
positions of the Laitila and Wiborg batholith, and 
the initial magma of the Suomenniemi complex 
(data f rom Rämö & Haapala 1995). In this diagram, 
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Fig. 46. Chemical composition of the granites, MMEs, 
and hybrid rocks from the Jaala-litti complex shown in 
(a) normative An/(An+Or) vs. Mg number and (b) nor-
mative quartz vs. M g number diagrams. 

the granites of the Jaala-litti complex plot at low 
a ( H 2 0 ) activity (< 0.1) and moderate total pressure 
which is consistent with the fact that these granites 
are relatively water-poor. 

The Jaala-litti complex cuts sharply topaz-bear-
ing granite in the east (see Fig. 5) and has occasional 
xenoliths of it near the contact. The topaz-bearing 
granite also shows metasomatic reactions caused by 
the Jaala-litti complex, these show up as a change 
in the colour of the rock f rom grey to pale red. 
Non-altered topaz-bearing granite has a minimum 
melt composition corresponding to about 2 kbar 
(equal to about 7 km), and this may be regarded as 
an approximate depth of the emplacement of the 
Jaala-litti complex. 
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Fig. 47. Normative quartz-albite-orthoclase diagrams showing the composition of the hornblende granites and the 
hornblende-quartz-feldspar porphyries of the Jaala-litti complex. Open circles represent the composition of the to-
paz-bearing granite (data from Salonsaari & Haapala 1994) cut by the complex, (a) An/Ab ratios of 1.8, 2.9, 5.2, 
and 7.8, and P(H20) of 2, 4, 7, and 10 kbars are adopted from Anderson and Cullers (1978). Dots represent the po-
sition of the minimum melting (or solidus/eutectic crystallization) composition at 1,2, and 4 wt% F (with excess 
H20 at 1 kbar) after Manning (1981); the fluorine-free (0% F) point is from Tuttle and Bowen (1958). b) Minimum 
melt compositions as a function of total pressure and activity of water in the melt (data from Ebadi & Johannes 
1991). Data for the Finnish rapakivi granites, the area-weighted mean compositions of the Wiborg (W) and Laitila 
(L) batholiths, and the initial magma of the Suomenniemi complex (S) are from Rämö and Haapala (1995). 

Iitti complex. This is suggested by the relatively low 
Mg numbers (37), as well as Ni (19 ppm) and Cr 
(44 ppm) contents. 

One of the problems related to the evolution of 
the complex is whether the mafic magma has in-
truded a felsic one as a single pulse or as multiple 
pulses. If the mafic magma was intruded into a 
partly crystallized granite magma at an early stage, 
the mafic magma has more time to equilibrate and 
mingle with the felsic magma. Capturing of feldspar 
and quartz xenocrysts could therefore occur to a 
greater extent than in mafic magmas in jected later. 
Multiple injection is suggested by the composite 
enclaves; these M M E s are usually primitive in com-
position; they usually do not contain xenocrysts. 
Pillow-like M M E s that always contain xenocrysts 
probably result f rom the first injections of the mafic 
magma into the felsic magma chamber. It is possi-
ble that both magma pulses are f rom the same 
parental magma because the composition of the 
composite enclave (sample 90042A) is similar to 
primitive M M E s (e.g., samples 91053A and 
91053B). The compositional shift probably regis-

Mafic end-member 

As the most mafic M M E s in the hybrid rocks from 
the Jaala-litti complex show a limited composi-
tional range they been interpreted as the mafic end-
member of the complex (MME P in Appendix 2b). 
Mafic magma of this composition was probably 
injected into a felsic magma chamber and interacted 
with the felsic end-member. Although some com-
positional differences in pillow-like M M E s and one 
M M E in the hornblende granite host indicate 
chemical equilibrium was reached by M M E s with 
their host it is possible that magma mixing has 
effected the composition of MMEs. This shows up 
in samples 91053C and 91053F that are f rom the 
same host rock (samples 90141A and 90141B) as 
the most primitive samples. 

It has been shown that the Subjotnian diabase 
dykes in southeastern Fennoscandia are products of 
extensive fractionation in intra-crustal magma 
chambers (Boyd 1972, Rämö 1991) and this prob-
ably is true of the mafic end-member of the Jaala-
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ters magma evolution prior to hybridization. When 
this mafic magma was intruded into a felsic magma 
chamber in the crust a stratified magma chamber 
was formed. The pillow-like M M E s were probably 
formed closest to an injection pipe where conditions 
for the interaction of the mafic and felsic magma 
were most favourable. Injection of mafic magma as 
a fountain will result in disintegrated globules of 
mafic magma in the felsic magma. It is also presum-
able that disintegration of the mafic magma in-
creases away f rom the mafic magma pipe if the 
mafic magma remains liquid long enough. Flow 
structures (see Fig. 10) and the presence of 
xenocrysts in the pillow-like M M E s suggest exten-
sive movement and mechanical interaction of mafic 
and felsic magmas. 

Origin of mafic enclaves 

Mafic enclaves in this study are considered to be of 
magmatic origin. Several possibilities for the origin 
of more mafic f ragments in granites have been 
proposed. These are briefly discussed below. In this 
chapter, the term mafic enclave is used for a frag-
ment of a mafic rock in a felsic rock without petro-
genetic implications. 

The importance of the study of rock fragments, 
especially MMEs, in granite petrology is essential 
to an understanding of the origin and evolution of 
granites. A controversy exists as to whether (mafic) 
enclaves in granitoid rocks represent restites, xeno-
liths, or originate by magma mingling. Numerous 
models and theories (see e.g., Didier 1973, Chen et 
al. 1990, Didier & Barbarin 1991a, for detailed 
summaries and comparison) have been proposed to 
explain the petrogenesis of mafic enclaves in felsic 
rocks. The two favoured hypotheses in dealing with 
I- and S-type granites propose that mafic enclaves 
represent globules of mafic magma incorporated 
into a more felsic host by mingling (e.g., Didier 
1973, Vernon 1983) or that they represent unmelted 
residual source rock material (restite, e.g., White & 
Chappell 1977, Chappell et al. 1987). 

Restite (Chappell et al. 1987) or surmicaceous 
(Didier 1987) inclusions or residues f rom pre-exist-
ing rocks are usually rich in micas, Al-rich minerals, 

apatite, zircon, and opaque minerals. Vernon (1983) 
lists evidence favouring the origin of mafic en-
claves as globules of maf ic magma instead of res-
tites. This evidence is based on the occurrence, 
shape and size, microstructure, and composition of 
mafic enclaves. The abundance of M M E s in the 
Jaala-litti complex is not related to proximity of 
contacts with the country rock, and the distribution 
of M M E s is irregular throughout the complex. 
Some flow structures in the M M E s (Fig. 10) and the 
occurrence of xenocrysts support the hypothesis 
that these M M E s and their host rock matrices must 
have been in a partially liquid stage penecontempo-
raneously. This contrasts with the restite hypothesis 
of unmelted residual (mafic) rock material. Chap-
pell and White (1991) suggest that most of the 
restites in granites are carried up f rom the source as 
single crystals or small aggregates, and not as large 
fragments or enclaves. The restite hypothesis is, 
therefore, not adopted to explain the large amounts 
of mafic enclaves in the rocks of the Jaala-litti 
complex even though Chen et al. (1990) reported 
numerous mafic enclaves of possible restite origin 
with similar characteristics to mafic enclaves in the 
Jaala-litti complex. The best possibility for the in-
clusions of large amounts of restites is if a pluton 
were situated near the site where the granitic melt 
was formed; this is unlikely in the case of the 
Jaala-litti complex. 

MMEs, especially the pillow-like MMEs , in the 
Jaala-litti complex contain variable amounts of 
feldspar and quartz xenocrysts derived f rom the 
more felsic host rock indicating that both M M E and 
the host magma have been at partially liquid stage 
simultaneously. Some M M E s also contain compos-
ite M M E s indicating that there were at least two 
magma pulses were injected. Country rocks similar 
to the M M E s near the complex are lacking. These, 
and the shape of the M M E s indicate that mafic 
enclaves in the Jaala-litti complex have formed by 
magma mingling and mixing of a mafic magma 
with a felsic one. This observation also rejects the 
possibility that mafic enclaves in the Jaala-litti 
complex are accidental xenoliths such as was pro-
posed for the origin of mafic enclaves by Hurlbut 
(1935) and Grout (1937). The bimodal association 
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of rapakivi granites and mafic tholeiitic diabase 
dykes and gabbroic and anorthositic bodies in 
southeastern Fennoscandia suggests the possibility 
that mafic enclaves in the rapakivi granites are 
f ragments of the Subjotnian mafic rocks. This is 
also supported by the geochemical relationship be-
tween mafic rocks of the Jaala-litti complex and 
diabases of the Suomenniemi complex as shown by 
Salonsaari and Haapala (1994). If mafic enclaves in 
the Jaala-litti complex represent xenoliths of more 
mafic rocks, a more angular shape of the xenoliths 
as well as a lack of feldspar and quartz xenocrysts 
would be expected. 

Mafic enclaves have also been proposed as cu-
mulates of earlier minerals crystallized in a magma 
parental to the host rock and enclaves (e.g., Wall et 
al. 1987). If gravitational settling of crystals (py-
roxene, amphibole, and plagioclase) formed mafic 
enclaves in the Jaala-litti complex, this obviously 
took place in a deep-seated magma chamber before 
emplacement of the complex. Minerals of mafic 
enclaves and their host rocks are similar but the 
relatively small amount of pyroxene and relatively 
high content of feldspar and quartz megacrysts in 
mafic enclaves with rare phenocrysts of plagioclase 
and pyroxenes are not consistent with a cumulate 
theory. Lack of cumulus texture also rejects a cu-
mulate origin for the mafic enclaves in the Jaala-litti 
complex. The evidence given for rejecting the cu-
mulus origin of mafic enclaves in the complex can 
also be adopted to reject a theory that mafic en-
claves represent fragments of an earlier parental 
magma common to mafic enclaves and their host 
rocks as suggested by Bailey (1984). 

Geringer et al. (1987) proposed that mafic en-
claves are products of partial melting of a common 
source for maf ic enclaves and their host rock under 
relatively high X ( C 0 2 ) conditions. This theory pro-
poses intrusion and consolidation of a first mafic 
melt that is later incorporated by a second-stage 
granitic melt. Vernon and Flood (1982) had also 
previously described mafic enclaves as repre-
senting small batches of an early, more mafic 
magma, but they assumed that the earlier mafic 
magma formed a conduit through which the later 
granitic melt rose. This two-stage partial melting 

process cannot form mafic enclaves because the 
first melts generated by partial melting of the crust 
are granitic in composition as noted by Chen et al. 
(1990). More mafic melts may, however, be gener-
ated by partial melting of the mantle. 

Mafic enclaves have also been assumed to be 
fragments reflecting multiple injections of contrast-
ing magmas but with unmixing due to liquid immis-
cibility (Bender et al. 1982, Metzger et al. 1985). 
Metzger et al. (1985) gives evidence in favour of 
liquid immiscibility, including similar composi-
tions of those minerals present in both mafic and 
felsic parts, enrichment of HFS elements (i.e., P, 
middle and heavy REE, Zr, HF, Nb, and Ta) in the 
mafic rocks, and similar Sr isotope initial ratios. 
Even though liquid immiscibility is an important 
factor in magma mixing systems, the evidence 
listed above more likely points to chemical interac-
tion (mixing) than unmixing. Liquid immiscibility 
involves the evolution and interaction of two melts 
in the first stage of hybridization by injection of a 
mafic magma into felsic one forming M M E s and by 
favouring magma mingling instead of mixing. After 
sufficient time for thermal equilibrium, interaction 
between the M M E and the host rocks magma by 
mixing will take place (Poli & Tommasini 1991). 

One possible explanation for the mafic enclaves 
in rapakivi granites is that they represent f ragments 
of disrupted chilled margins of a granite body 
(Grout 1937, Vernon & Flood 1982, Vorma 1976). 
Vorma (1976) describes disrupted chilled margins 
(autoliths) f rom the Ytö and Suutila rapakivi gran-
ites (Laitila batholith). These mafic enclaves resem-
ble those in the Jaala-litti complex in having sizes 
f rom a few centimetres to a few tens of centimetres, 
being ovoidal in shape, having orientations parallel 
to the contact of the batholith, containing alkali 
feldspar megacrysts similar to those of the host 
rock, and similar mineral compositions. But there 
is a difference when the composit ion of mafic en-
claves f rom the Laitila batholith and the Jaala-litti 
complex are compared to their host rocks. Autoliths 
f rom the Ytö granite have a similar bulk rock com-
position compared to the host granite whereas mafic 
enclaves in the Jaala-litti complex are more mafic 
in composition, representative of a diabase. This 
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suggests that mafic enclaves in the Jaala-litti com-
plex do not represent disrupted chilled margins 
even though smaller grain size suggests the rela-
tively rapid crystallization of the mafic enclaves. 

Fractional crystallization versus magma mixing 

When assessing the magmatic evolution of the com-
plex it is also necessary to consider such processes 
as partial melting of mixed sources, differentiation, 
contamination, and alteration (Langmuir et al. 
1978). Possible factors that have an influence on the 
chemical composition of M M E s after emplacement 
in their felsic host are chemical exchange by di f fu-
sion (magma mixing) and closed system crystal/liq-
uid fractionation (Eberz & Nicholls 1990). 

As remarked, the granites of the complex show 
only a small geochemical and mineral chemical 
variation (see Figs. 25-27 , 29-31 , 34, 36-38 , 44, 
46. and 47). However , the possibility exists that the 
rock series hybrid rock - hornblende granite - horn-
blende-quartz-feldspar porphyry could represent a 
fractionation series of an initial intermediate 
magma. Figure 48 shows that this is not possible, 
however. Magmas that evolved f rom the hybrid 
magmas should contain less Zr and more S i 0 2 and 
A1 2 0 3 (Fig. 48). In-situ fractionation of the rapakivi 
granite magmas (and hybrid magmas) must also 
have been negligible assuming that the magmas of 
the complex have been intruded together as a dyke-
like body. When compared to the evolutionary trend 
of the rapakivi granites of the Suomenniemi com-
plex (SNC). the granites of the Jaala-litti complex 
show higher overall (4[Ca+Nal+0.5[Fe+Mg])/Zr. 
This may indicate that a small amount of mafic 
end-member is present in almost all the granites, 
especially in the hornblende granites of the complex 
if the evolution of granites is similar to those of the 
Suomenniemi complex. In Figure 48, the hybrid 
rocks of the complex fall, together with pillow-like 
MMEs , between the Subjotnian mafic rocks and 
rapakivi granites of the southeastern Fennoscandia 
and follow the "zircon critical" (ZCRIT) contour 
(Bradshaw 1992) that separates the fractional crys-
tallization trends of mafic and felsic magmas of the 
Suomenniemi complex (SNC). 
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Fig. 48. (Si+Al)/Zrvs. (4[Ca+Na]+0.5[Fe+Mg])/Zr 
diagram after Bradshaw (1992) for the MMEs, pillow-
like MMEs, hybrid rocks, hornblende granites, and 
hornblende-quartz-feldspar porphyries of the Jaala-
litti complex compared to the silicic and mafic rocks of 
the Suomenniemi complex (SNC, data from Rämö 
1991). ZCRIT separates rocks that plot above and be-
low the critical Si02 value of 68 wt%; in those rocks 
that fall below ZCRIT Zr may combine with the Si02 to 
produce zircon (Bradshaw 1992). 

The non-hybridized M M E s plot in Figure 48 on 
the evolutionary trend of the mafic rocks of the 
Suomenniemi complex (SNC) which indicates a 
similar source for them. A few of the M M E s plot 
below the SNC trend which is due to local differ-
ences in the amounts of xenocrysts and the degree 
of hybridization. Composit ional change engen-
dered by fractional crystallization of a mafic magma 
is not a viable option. M M E s have to be interpreted 
as closed-system magma globules, and the only 
possible factor that may change their composit ion 
is magma mixing with the host felsic magma. In-
situ fractional crystallization of the mafic globules 
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(MME) has, however, been proposed to be opera-
tive; K, Rb, Ba, Nb, Y, and REE are found to be 
enriched in the margins of the MMEs, and Si and 
Zr depleted relative to the centre of the M M E (Eberz 
& Nicholls 1990). Recry stall ized borders of M M E s 
and micro-enclaves with modal composit ions near 
to that of their host rocks favour magma mixing 
over other processes in changing the compositions 
of the MMEs. 

Geochemical modelling of hybridization 

Mineral chemical data and petrographic features 
indicate a chemical and thermal disequilibrium be-
tween megacrysts and the host magma in hybrid 
rocks and MMEs. Corroded and mantled feldspars 
as well as quartz megacrysts suggest the interaction 
of felsic and mafic magmas. The intermediate hy-
brid rocks appear to have formed mainly by mixing 
and mingling of the two compositionally contrasted 
melts, with a relatively low mass-fraction of the 
mafic magma (X ln) present in the newly formed 
hybrid magma. The alkali feldspar and quartz, and 
probably also many of the plagioclase megacrysts, 
nucleated and grew in the felsic magma, and sub-
sequently were trapped in the hybrid magma during 
the interaction of the magmas. Furthermore, some 
megacrysts in the hybrid rocks of the complex are 
clearly xenocrysts derived f rom partially melted 
and disintegrated Svecofennian granitoid or ra-
pakivi granite xenoliths, and dissolution of 
xenocrysts has also effected the bulk composition 
of the hybrid rocks. 

All of the above features as well as proportions 
of mafic and felsic end-members in the mixture 
have affected the bulk composition of the hybrid 
rocks. The weight proportion (or mass-fraction) of 
the mafic magma (Xm) in an ideal mixture ( X „ ) 
can be evaluated if the concentration of element i is 
known (or can be approximated) in the mafic end-
member (XM) and the felsic end-member (Xp) 
(Fourcade & Allegre 1981): 

X'H - Xp = Xm(X|v 1 - Xp) 

In a mixing test (Fig. 49) X H - X F versus X M - X F 

for i = Si, K, Mn, Ti, Mg, Ca, and Fe2 + are used to 
evaluate X m in the hybrid MMEs, pillow-like 
M M E s and hybrid rocks of the complex, utilizing 
the least sum of squares method. The acronyms 
HQFP and M M E P denote the felsic and mafic end-
member , respectively (see Appendices 2a and 2b). 
The average composition of the hornblende-quartz-
feldspar porphyries (Appendix 2a), HQFP, is used 
for the felsic end-member because it is the most 
felsic rock type in the complex. The composition of 
MME P is thought to represent the initial non-hybrid 
composition of the mafic magma that was injected 
into the magma chamber. 

Elements selected for the mixing test were those 
displaying a relatively good linear correlation (Fig. 
44) and high enough concentrations so that analyti-
cal errors play a minor role. A1 2 0 3 and N a 2 0 are 
excluded from the mixing test because of their 
heterogeneous content in the rocks of the complex 
(see Figs. 44c and 44h) and also to avoid the prob-
lem of feldspar contamination. CaO and K 2 0 are, 
however, included on the basis of a linear trend 
against M g O as shown in Figures 44g and 44i, 
especially in the hybrid rocks. 

The results of the mixing test (Fig. 49) show a 
large variation without any remarkable break in the 
X m values. The hybrid M M E s show a variation of 
X m f rom 0.51 to 0.94 (Fig. 49a). The higher propor-
tion of felsic end-member in the pillow-like M M E s 
(Fig. 49b) compared to small M M E s is also re-
flected by their lower X m values (0.39-0.72). The 
elements show a relatively good correlation be-
tween different i values, and usually the given X m 

values for separate elements are less than 0.10 units 
when compared to each other, so that the highest 
observed X m value for the hybrid rocks is 0.29 
decreasing systematically to the value of 0.08 (Fig. 
49c). It is worth mentioning that the X m values for 
Mg and Fe2 + are similar (±0.01) to those after the 
mixing test (Fig. 49) with multiple elements. Other 
elements that show similar X m values to the ele-
ments chosen above are Ba, Rb, Zn, Ni, and Th, but 
individual X m values for the REE are not compara-
ble, giving X m values f rom -196 to 114 for the 
hybrid rocks and the AXm for individual samples 
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Small hybrid MMEs Pillow-like MMEs Hybrid rocks 
in hornblende granites in hybrid rocks 

and hybrid rocks 

Fig. 49. Mixing test to evaluate the mass proportion of mafic magma (X,J in (a) small hybrid MME in the hybrid 
rock and hornblende granite, (b) pillow-like MME in the hybrid rock, and (c) a hybrid rock with i = 570,, K.O, 
MnO, TiO„ MgO, CaO, and FeO. X'M, X'F, and X'„ represent the content of element i in the MME1', HQFP, and hybrid 
rock, respectively. 

may be as much as 200 units. The lack of fit for these 
elements may be a result of being redistributed by 
residual granitic melts, exsolved volatiles, or that 
the M M E s were not closed systems with respect to 
these elements (see Bédard 1990). The large vari-
ation of individual X m values are also apparent 
when using Al, Na, Cl, Y, Nb, and Ta which may 
give both negative and positive X m values for the 
hybrid rocks probably caused by local heterogenei-
ties of the rock or relatively high analytical detec-
tion limits especially when the concentration of the 
element is low. It is also probable that the content 
of some element in the end-members may have 
changed f rom their initial composition. 

Rheological properties of contrasting magmas 

The interaction of the coeval felsic (granitic) and 
mafic magmas is constrained mainly by their initial 
temperatures, relative volumes, compositions, 
water contents, andcrystallinities all of which affect 
the rheological properties of the resulting melt (Fer-
nandez & Barbarin 1991). In Figure 50, the role of 
mixing and mingling in forming hybrid rocks is 
expressed as a function of the crystallization state 
of the felsic magma. Whether mixing or mingling 
is the dominate process is controlled by the compo-

sitional and temperature contrasts of the interacting 
magmas. If both magmas have a low crystallinity 
together with high temperature the viscosity con-
trast is low and a homogeneous hybrid magma can 
be formed. As the crystallinity of the felsic magma 
increases, a proportion of mafic magma may still 
interact with the felsic magma, forming local hybrid 
magmas but mingling dominates the system. The 
injected mafic magma may then disintegrate to form 
mafic globules (MME) which are scattered in the 
felsic magma by convection. Disintegration of the 
mafic magma encourages the mixing of the mafic 
and the felsic magmas if the proportion of the mafic 
component is large. This is because the heat contrast 
of the two magmas is balanced as the diffusion of 
heat between the two magmas is now faster than the 
composit ional exchange (Turner & Campbell 
1986). When the composition and temperature con-
trast of the two magmas is large, the injected mafic 
magma fills the fractures (as in composite dykes) or 
form separate dykes in the felsic host. In this event 
mixing of the magmas occurs in low proportions or 
the mafic magma crystallizes rapidly forming 
chilled margins against the felsic magma/rock re-
straining further chemical or mechanical exchange. 

In the Jaala-litti complex alkali feldspar, plagio-
clase, and quartz xenocrysts have mainly crystal-
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lized f rom the felsic magma before the mafic 
magma was injected. It is therefore probable that 
mingling of megacrysts has occurred mainly at 
higher crustal levels where the granitic melt was 
originally formed but before magmas of the com-
plex were intruded. The small amount of interme-
diate hybrid rocks in the Jaala-litti complex indi-
cates that the amount of the mafic magma was 
relatively small compared to the amount of felsic 
magma or that there was not enough time for com-
plete thermal equilibration of the magmas. This is 
also suggested by the relatively small amounts of 
mafic rocks compared to granites and that the 
M M E s are scattered throughout the complex but 
usually without extensive mixing with the granites 
of the complex. 

MIXING MINGLING FILLING OF 
EARLY 

FRACTURES 

FILLING OF 
FRACTURES 

homogeneous 
hybrid magma 

MMEs and 
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masses 

composite 
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Ä - V / 1 
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Fig. 50. Dependence of the different types of hybridiza-
tion between mafic and felsic magmas on the crystal-
linity of the felsic magma. Crystallization of the felsic 
magma raises the compositional and temperature con-
trasts of the two magmas, and the role of mingling be-
comes more important. Modified after Fernandez and 
Barbarin (1991) and Barbarin and Didier (1992). 

Magma mixing is favoured by the fol lowing 
factors (Vernon et al. 1988): (1) decrease in the 
viscosity of the injected magma, which increases 
both its velocity and turbulence, (2) decrease in the 
viscosity of the host magma, which decreases its 
resistance to deformation at the boundary of the 
turbulent fountain, and (3) increase in the diffusion 
rate. The viscosity contrast of coexisting magmas 
therefore plays an important role in defining if 
magmas can mix or mingle with each other. 

Shaw (1972) and Bottinga and Weill (1972) 
created empirical equations for evaluating viscosi-
ties at different temperatures. It has been shown that 
these equations conform to laboratory measure-
ments, at least for low pressures, low water con-
tents, and temperatures above the liquidus of mag-
mas (McBirney & Murase 1984). Model viscosities 
at different temperatures calculated according to the 
method of Shaw (1972) for the mean hornblende-
quartz-feldspar porphyry (HQFP) and assumed in-
itial mafic magma (MME P ) are shown in Figure 
51 a. The model viscosity change for HQFP at tem-
peratures f rom 700° to 1000°C varies f rom 11 to 6.5 
log poise whereas for the M M E P viscosity is less 
than 4 log poise at temperatures over 900°C, i.e., 
the crystallization temperature based on the amphi-
bole-plagioclase geothermometer. The difference 
of hypothetical viscosities between the liquid 
HQFP and liquid M M E P varies f rom 4 to 5 log poise 
over a temperature range f rom 600° to 1200°C. 

Increase of fluorine in melts (Fig. 51b) has been 
proposed as an important factor in lowering the 
viscosity in a similar way as an increase in H 2 0 will 
lower the viscosity of the magma (Dingwell et al. 
1985, Dingwell & Webb 1992). As one weight 
percent increase of water lowers the viscosity (at a 
constant temperature) of silica-rich liquids by 
nearly an order of magnitude, by assuming a similar 
effect of F on the viscosity, the viscosities in Figure 
51 a may be slightly higher (about 0 .5-1 poise) than 
the actual values at least for the hornblende-quartz-
feldspar porphyry magma with 0 .30-0 .40 wt% H 2 0 
and 0 .14-0 .16 wt% F. The effect of H 2 0 (and 
probably also F) on the viscosity of the liquids with 
lower silica contents is less pronounced because the 
polymerization of mafic melts is already low and 
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cannot be substantially reduced by the addition of 
water (McBirney & Murase 1984). The addition of 
F. however, cannot be disregarded in M M E s as they 
contain on the order of 2 to 8 times more fluorine 
than diabases in general, so that the increase of 
fluorine must have affected the viscosity as well as 
the solidus temperature of the mafic magma. The 
relatively high fluorine contents of the M M E s 
would have changed the rheological properties of 
the mafic magma only after it came in contact with 
the felsic magma; the initial low fluorine content 
will not change the viscosity values shown in Figure 
51 a dramatically. 

Incorporation of feldspar and quartz xenocrysts 
f rom the felsic magma into the M M E s would have 
happened before the crystallization of amphibole 
and plagioclase in the MMEs. This is suggested by 
their corroded shape, crystallization of amphibole 
on quartz, simultaneous crystallization of amphi-
bole and plagioclase mantling alkali feldspar 
megacrysts, and the occurrence of micrographic 
texture in the MMEs. The approximate crystallinity 
of the mafic magma before hybridization, but after 
thermal equilibrium had been reached, was less than 
0.05 based on the amount of pyroxene and plagio-
clase phenocrysts so that the mafic magma was near 
its liquidus at the beginning of the hybridization 
event. 

For the felsic magma the crystallinity is more 
difficult to approximate, but hybridization has ob-
viously occurred after crystallization of some alkali 
feldspar, plagioclase, quartz, olivine, and amphi-
bole phenocrysts. The maximum crystallinity, 0.40, 
for the felsic magma is based on the measured 
amount of phenocrysts in hornblende-quartz-feld-
spar porphyry. If fluorine is included in the evalu-
ation, the solidus temperature is reduced compared 
to the fluorine-free systems (Manning 1981) and 
thus the crystallinity at a higher temperature is 
lower. The problems that arise in this example are 
that the crystallization of the felsic magma will 
increase the S i 0 2 content of the liquid phase and 
that mingling predominates instead of mixing if the 
compositional difference between the host and in-
jected magmas is more than 10 wt% S i 0 2 (Frost & 
Mahood 1987; see also Fig. 50). Temperatures 

much over 900°C for a felsic magma with 40 vol% 
of crystals may need the felsic magma to be re-
heated by the mafic magma, assuming a large vol-
ume of mafic magma, before any interaction with 
the felsic magma can occur. A large volume of 
mafic magma is also needed to keep the mafic 
magma at its liquidus during the interaction. 

As emphasized by Sparks and Marshall (1986) 
and Frost and Mahood (1987), the ability of two 
contrasting magmas to mix depends on their physi-
cal properties, especially viscosities, after they have 
come to thermal equilibrium. Turbulent f low con-
tributes effectively to the mixing (Turner & Champ-
bell 1986) and basaltic and dacitic magmas can 
easily be mixed by forced convection as shown by 
experimental work (Kouchi & Sunagawa 1983). 

Complete mixing occurs only when the two 
magmas behave as liquids at the same temperature. 
The equilibrium temperature ( 0 ) of the mixture of 
magmas depends on the initial temperature, heat 

log10T| (poise) 

Temperature (°C) 

Fig. 51. a) Viscosities of the liquid felsic magma (horn-
blende-quartz-feldspar porphyry; 68.20-69.30 wt% 
Si02, 0.30-0.40 wt% H20) and the mafic magma 
(MME?; 50.30-51.20 wt% Si02, 0.90-1.30 wt% H20) 
as a function of temperature calculated using equa-
tions of Shaw (1972). b) Comparison of the effect of 
H20 and F on the viscosity ofrhyolite at 1200°C after 
Dingwell and Webb (1992). See text for discussion. 
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capacity, heat of fusion, change of crystallinity, and 
mass fraction of each magma (Sparks & Marshall 
1986). One important requirement for hybridization 
is that the mafic magma brings enough heat into the 
system and that there is sufficient time for chemical 
diffusion. If the proportion of the mafic magma is 
too low, the cooling effect of the felsic magma is 
sufficient to convert entrained portions of the mafic 
magma into solid enclaves (Sparks & Marshall 
1986). The principles of Sparks and Marshall 
(1986) were adopted by Frost and Mahood (1987) 
and were used in the program M A G M I X (Frost & 
Lindsay 1988) for calculating viscosities at thermal 
equilibrium of interacting magmas at high crustal 
levels (P < 2 kbar). The mass-fraction of the mafic 
magma (Xm , i.e., the proportion of the mafic magma 
in thermal equilibrium with the felsic magma at 0 ) 
is discernible in a viscosity versus X m diagram at 
the point where the viscosity curves of felsic and 
mafic magmas intersect. 

In Figures 52a and 52b, the temperatures were 
calculated using the program M A G M I X with re-
spect to S i 0 2 and water contents at 2 kbar giving an 
initial liquidus temperature for the M M E P to be 
log10r| (poise) 
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1190°C and a solidus temperature to be 760°C. 
Calculated liquidus and solidus temperatures for the 
HQFP are 1167°C and 676°C, respectively, and 
calculations for the interacting magmas were per-
formed over a temperature range f rom 1100° to 
700°C. The results shown in Figure 52 are not 
necessary accepted as being true values for the 
magmas of the Jaala-litti complex because the hy-
bridization may have taken place deeper in the crust 
(Salonsaari & Haapala 1994). They do, however, 
give an approximate idea about the relative tem-
perature and viscosity changes and, more impor-
tantly, to what extent magma mixing could have 
taken place at higher crustal levels, and whether it 
is possible to generate large amounts of hybrid 
magmas near the emplacement level (about 2 kbars) 
of the complex. Load pressure has been found to 
reduce the viscosity of magmas at a constant tem-
perature above the liquidus (Kushiro 1980), as well 
as has an effect on the liquidus temperature 
(McBirney & Murase 1984). The increase of pres-
sure may therefore facilitate the interaction of mafic 
and felsic magmas in the upper crust. 

Hybridization by the interaction of an anhydrous 
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Fig. 52. Mass-fraction (Xm)-viscosity diagrams for (a) MMEs and the average hornblende-quartz-feldspar por-
phyry (HQFP; see appendix 2a) and (b) pillow-like MMEs and HQFP at P less than 2 kbar calculated for fluorine-
free compositions from their initial liquidus temperature to the temperature where the crystallinity is 0.60. C,„ and 
C t are cry stallinities of mafic and felsic magmas, respectively, at the equilibrium temperature (&) marked by a cir-
cle. See text for discussion. 
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mafic magma with - 5 0 wt% S i 0 2 and an anhydrous 
felsic magma with - 7 0 wt% S i 0 2 (MME P and 
HQFP in Fig. 52a, respectively) seems unlikely at 
the emplacement level of the complex because of 
their high compositional contrast (Fig. 52a). M M E s 
(Fig. 52a) and pillow-like M M E s (Fig. 52b) with a 
hybrid composition (55-61 wt% S i 0 2 ) and higher 
viscosity (Fig. 52b) may theoretically form hybrid 
magmas in some proportion with the assumed felsic 
end-member of the complex but as the difference of 
S i 0 2 content is higher than 10 wt% and the given 
X r a is lower than 0.5, homogenization is unlikely at 
least in the schemata as postulated by Frost and 
Mahood (1987). The equilibrium temperature for 
the hybridization is 940°C at logr| = 10.6, but the 
crystallinity of the mafic magma, C m = 0.5-0.6, 
suggests that little mixing would occur. The main 
mixing event probably took place before emplace-
ment of the complex magmas, but Figure 52 implies 
that mixing of evolved Subjotnian mafic magmas 
and a relatively mafic rapakivi granite magma could 
have occurred to some (small) extent in the upper 
crust in a closed system. 

In Figure 53 the M M E s and pillow-like M M E s 
and their hosts are plotted to estimate if a mafic 
magma has subsequently mixed with the host (hy-
brid) magma. Sample 91382 (dashed thick curve in 
Fig. 53a) representing a recrystallized M M E in the 
hornblende granite shows that recrystallization 
must have happened at high crustal levels. Note that 
the curves define the viscosity only for magmas 
with a crystallinity less than 0.60 so that mixing and 
especially a late stage mixing between the hybrid 
mafic magma and the hybrid host magma most 
probably generates recrystallized M M E s with nu-
merous hybrid features. 

Other M M E s and the pillow-like M M E s indicate 
that mixing of the mafic magma and the host hybrid 
magma has occurred at the emplacement levels but 
only between the already hybridized M M E s and 
pillow-like M M E s whereas the most primitive 
M M E s of the complex have probably already been 
crystallized and have not taken part in the magma 
mixing. Hybridization in a conduit during the ascent 
of the magmas is also suggested by the relatively 
high © temperatures (between 950° and 1050°C) 
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Fig. S3. Mass-fraction (XJ-viscosity diagrams for: a) MMEs (dotted lines) and their host rock (solid lines); heavy 
lines represent a MME - hornblende granite pair (samples 91382 and 91381, respectively), host for the other sam-
ples is #90141A (see Appendix 2c) and b) pillow-like MMEs and their host (sample 90042) at P less than 2 kbar cal 
culated for fluorine-free compositions from their initial liquidus temperature to the temperature where the 
crystallinity is 0.60. C,„ and Cfare crystallinities of mafic and felsic magmas, respectively, at the equilibrium tem-
perature (0) marked by a circle. See text for discussion. 
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and by the fact that the calculated viscosity of the 
hybrid host magmas lies between 6 and 10 log | 0 

poises. 
Some concluding remarks as to the rheological 

properties of the interacting magmas in the Jaala-
litti complex in terms of the viscosity contrast be-
tween the interacting magmas and their tempera-
tures can be made: 1) the proportion of the 
interacting mafic magma must have been relatively 
high with a low degree of crystallinity, 2) the felsic 
magma must have been reheated by the mafic 
magma before intensive mixing took place as is also 
shown by the petrographical studies; evidence of 
thermal disequilibrium being visible as mantled 
feldspars and corroded quartz, and 3) the high fluo-
rine content in the mafic magma may have in-
creased the time the magmas were able to interact 
by lowering the solidus temperature of the mafic 
magma, and 4) the hybrid mafic magma could have 
subsequently mixed with its felsic host at the level 
of emplacement whereas the most primitive glob-
ules of mafic magma most probably behaved as 
solids and did not interact with the host felsic or 
hybrid magma. 

A model for hybridization 

Direct methods for estimating the depth of hybridi-
zation are lacking in the rocks of the Jaala-litti 
complex. Several facts, however, suggest that hy-
bridization took place at a deeper level before the 
magmas were finally emplaced at < 2 kbar. The 
fol lowing observations and relations between the 
granites, MMEs, pillow-like MMEs, and hybrid 
rocks suggest that the hybridization occurred in the 
conduit. 

1) Hybrid rocks are widespread in the complex 
even though they occur in minor quantities as com-
pared to the granites of the complex. If hybridiza-
tion occurred near the emplacement level or in the 
conduit that led the complex hybrid rock would be 
assumed to occur only at certain places related to 
the relative proportions of the interacting magmas. 

2) M M E s without chilled margins occur 
throughout the complex. This implies that the hy-
bridization took place in the conduit as large mafic 

dykes and masses are lacking. The pillow-like 
M M E s in the southwestern part of the complex are 
not necessarily directly related to the M M E s in the 
other parts of the complex. The pillow-like MMEs 
are the most hybrid M M E s of the complex so they 
are not a likely source for other M M E s found in the 
complex. 

3) Non-hybridized M M E s with compositions 
similar to the Subjotnian diabase dykes of the re-
gion (Rämö 1990, 1991) are lacking in the Jaala-litti 
complex. 

4) The relatively wide compositional range of the 
MMEs suggests that the mafic magma has inter-
acted with the felsic magma in different proportions 
and under different conditions. If the hybridization 
had occurred at high crustal levels near the emplace-
ment level a more homogeneous M M E composition 
would be expected and M M E s with chilled margins 
would occur in greater amounts. The same source 
for the M M E s and pillow-like M M E s is also sug-
gested by a similar bulk composition for the com-
posite M M E (sample 9004A) in a pillow-like M M E 
and other non-hybridized M M E s (samples 91053A 
and 91053B). 

5) As has been shown (Fig. 52), at temperatures 
of 940°C about 4 0 - 6 0 vol% of the mafic magma 
has already crystallized so that temperatures of 
approximately 1100°C are needed so that the crys-
tallinity of the mafic magma is less than 0.10. This 
requires that the mafic magma stays near its 
liquidus temperature (1100°C) and heats the felsic 
magma so that extensive mixing may occur. If the 
proportion of the mafic magma to the felsic magma 
is too low, the cooling effect of the felsic magma is 
sufficient to convert entrained portions of the mafic 
magma into solid enclaves (Sparks & Marshall 
1986). The petrographical observations also indi-
cate that hybridization did not happen deep in the 
crust because the interacting felsic magma must 
have contained some crystals such as quartz and 
feldspar that now occur as xenocrysts especially in 
the pillow-like MMEs. A middle crust depth is 
therefore favoured. 

A model of the generation of the bimodal ra-
pakivi magmat ism and hybridization, based in part 
(Figs. 54a and 54b) to Huppert and Sparks (1988), 
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Haapala (1989), and Rämö and Haapala (1991), is 
presented in Figure 54. 

Interaction of mafic and rapakivi granite mag-
mas may occur at several places (Fig. 54b). The 
most obvious place for hybridization is deep in the 
crust at a level where the rapakivi magmas were 

formed. Other favourable places for hybridization 
are magma chambers in the middle and upper crust 
where injections of a more evolved mafic magma 
may hybridize with the partially crystallized ra-
pakivi granite magma (see Fig. 54b). Hybridization 
at the emplacement level of the rapakivi granite 

Fig. 54. Schematic model of the generation of rapakivi granites and hybridization with a coeval mafic magma, a) 
Upwelling mantle-derived mafic magma forms a mafic underplate below the crust and is injected into higher levels 
producing gabbroic and anorthositic rocks, diabase dykes, and mafic volcanics (Haapala 1989, Rämö & Haapala 
1991). b) The mafic underplating causes partial melting of the lower crust (Rämö 1991) producing silicic magmas 
which are injected episodically upward within the crust fanning rapakivi granite complexes (accompanied by caul-
dron subsidence), silicic (quartz-feldspar porphyry) dykes and volcanic rocks, c) Repeated injections of mafic 
magma in felsic magma chambers (see Fig. 54b for possible locations) causes convection in the felsic part of the 
magma chamber and spreads mafic magma into globules, d) As thermal equilibrium is reached chemical exchange 
produces a layered hybrid series of intermediate magmas which are injected upward through fracture zones, e) In-
jection of mafic magma through partially crystallized rapakivi granite magma causes formation of composite dykes 
with intermingled megacrysts that are also visible when the coeval rapakivi granite magma and diabase magma 
are injected into higher crustal levels forming composite dykes (/). g) A enlargement from Figure 54c, to show cap-
turing of alkali feldspar megacrysts from the felsic magma into mafic magma, and subsequent rounding of the 
megacrysts. Figures a) and b) are modified after Huppert and Sparks (1988) and Rämö and Haapala (1991). See 
text for discussion. 
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plutons would require a major input of mafic 
magma. 

Repeated injections of mafic magma into the 
magma chamber can produce zones of mingling and 
mixing and result in hybrid magmas with composite 
MMEs. Turbulent flow (Fig. 54c) contributes effec-
tively to the mixing (Blake 1981, Campbell & 
Turner 1985, Turner & Champbell 1986, Zorpi et 
al. 1989) by spreading the mafic magma throughout 
the magma chamber and disrupting it. 

Crystallization of mafic magma continues until 
the temperature and density of the residual magma 
is equal to that of the felsic magma (Huppert et al. 
1982, Turner & Campbell 1986). At this time, the 
two liquids will be intimately mixed; complete mix-
ing can occur only when the two magmas behave as 
liquids at the same temperature. This requires a 
substantial proportion of the mafic magma to bring 
enough heat into the system. In the case of a denser, 
hot magma injected into a cooler, less dense 
magma, the former will quench and crystallize due 
to rapid heat loss with contemporaneous superheat-
ing of felsic magma. The final injection of the 
hybrid magmas into the upper crust took place after 
the emplacement and crystallization of the main 
rapakivi magmas of the Wiborg batholith and open-
ing of the required channelways. The injection of 
magmas f rom the stratified magma chambers (Fig. 
54d) may result in further mixing of the magmas as 
they are assumed to be in thermal equilibrium at 
about 950°C. 

Injections of a mafic magma into a felsic magma 
conduit (or vice versa) or into partially crystallized 
rapakivi granite magma in the upper part of the crust 
results in alkali feldspar diabase dykes (Rämö 1990, 
1991) and composite dykes with structures as 
shown in Figures 54e and 54f. The interaction in 
these cases is limited but with the inclusion of 
quartz and feldspar megacrysts f rom the felsic 
magma to the mafic magma. In the Suomenniemi 
complex, the capture of megacrysts is related to 
movement in the mafic magma. It is possible that 
the pillow-like M M E s of the Jaala-litti complex 
represent that part of a combined maf ic- fe ls ic 
magma chamber where the injection rate of the 
mafic magma has been highest (see Figs. 54c and 

54g). This is also suggested by the greater abun-
dance of xenocrysts, larger size, and higher degree 
of hybridization of the pillow-like M M E s as com-
pared to other M M E s of the complex. According to 
Grasset and Albaréde (1994) large melt globules 
become hybridized faster than smal ler ones because 
their larger fall velocity makes stirring more vigor-
ous. Also, large melt globules crystallize slower 
than small ones. 

H Y B R I D I Z A T I O N IN T H E RAPAKIVI 
G R A N I T E S O F S O U T H E A S T E R N 
F E N N O S C A N D I A 

Major problems as regards 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 penecontemporaneous 
mafic rocks, 3) the geotectonic f ramework 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 (Rämö 1991). In the following pages, prob-
lems 2) and 5) are discussed in the light of the results 
f rom the Jaala-litti complex. 

Rapakivi granites and associated diabase dykes, 
and gabbroic and anorthositic intrusions are coge-
netic. As discussed in previous chapters, mafic and 
felsic magmas are found together in many localities 
and have, locally, been hybridized. Magma mixing 
and mingling has recently been proposed as playing 
an important role in generating large volumes of 
rapakivi granite magmas, especially wiborgites 
(Eklund 1993, Eklund et al. 1991, 1994). Such 
features as rapakivi magmatism caused by mafic 
mantle magmatism, contemporaneous or closely 
contemporaneous intrusion of mafic and felsic 
magmas sometimes generating hybrid dikes and 
complexes, and the multiple nature of most of the 
larger rapakivi batholiths favour a hybrid origin for 
rapakivi granites. Eklund et al. (1994) proposed that 
wiborgites are the result of magma mixing at deep 
crustal levels with a long homogenization time, and 
therefore they do not have any signs of the mixing 
event; pyterlites represent a possible fractionated 
result of the hybrid wiborgite. Such ideas have an 
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old currency: von Wolff (1932) proposed that 
tirilites represent chemically a mixture of 62 % 
andesite and 38 % pyterlite. 

The role of M M E s in the petrogenesis of the 
rapakivi granites 

The M M E s found in rapakivi granites f rom the 
Wiborg batholith area (Fig. lb) have been described 
as "Subjotnian inclusions" by Hackman (1934), 
Vorma (1975), and Simonen (1987), and they in-
clude diabases, gabbros, norites, and anorthosites 
(Simonen 1987). In the Simola district, south of 
Lappeenranta (see Fig. lb) , enclaves of gabbroic 
composition occur over large areas (Hackman 
1934). Their host rocks are mainly even-grained 
and pyterlitic rapakivi granites (see Simonen 
1979a), but occasionally also wiborgite. In other 
parts of the Wiborg rapakivi batholith the host rocks 
of M M E s are mainly wiborgites and dark wibor-
gites (see Simonen 1979b), and the M M E s show 
petrographical similarities to M M E s f rom the Jaala-
litti complex. Micro-enclaves and recrystallized 
M M E s are found also within the Wiborg batholith 
(Salonsaari 1993). Anorthosites related to an earlier 
mafic magmat ism are also found as larger frag-
ments in southeastern Finland. The age of the large 
anorthositic bodies (Mäntyharju and Ylämaa) 
within the Wiborg batholith varies f rom 1645 to 
1633 Ma (Vaasjoki et al. 1991, Suominen 1991). 
The Wiborg batholith is dated at 1650 and 1625 Ma 
(Vaasjoki et al. 1991). 

M M E s can be found in several rapakivi granite 
types, but only locally can the host rapakivi granite 
be identified as a hybrid rock generated by mixing 
and mingling of mafic and felsic magmas, as it is in 
parts of the Jaala-litti complex. 

Rapakivi texture - a mixing texture? 

Rapakivi texture (sensu stricto), as described by 
Vorma (1976, p. 5) is characterized by: 1) the 
ovoidal shape of alkali feldspar megacrysts, 2) man-
tling of ovoids by oligoclase-andesine shells, some 
ovoids, however, remaining unmantled, and 3) the 
ubiquitous occurrence of two generations of alkali 

feldspar and quartz, and in the latter, the idiomor-
phic older generation having crystallized as high 
quartz. 

Magma mixing has been proposed as one possi-
ble mechanism controlling the generation of vari-
ous types of mantled feldspars and also rapakivi 
texture (Elders 1967, Hibbard 1981, Barbarin 1988, 
Bussy 1990, Stimac & Wark 1992, Haapala & 
Rämö 1992, Salonsaari & Haapala 1994; see also 
Barbarin & Didier 1992, Hibbard 1991. Vernon 
1990, 1991). Rapakivi texture is also found in 
M M E s as oligoclase-mantled alkali feldspar 
mega(xeno)crysts (Phillips 1880. Thomas & Smith 
1932, Pesquera & Pons 1989, Castro et al. 1990a, 
Bussy 1991), and f rom diabases and hybrids asso-
ciated with rapakivi granites (Volborth 1963, 1973, 
Rämö 1991, Salonsaari & Haapala 1994). Experi-
mental work that simulates mantling of alkali feld-
spar by plagioclase has been published by Wark and 
Stimac (1992). The micrographic texture and alkali 
feldspar mantled by plagioclase found in the Jaala-
litti complex show that magma mixing can generate 
mantled feldspar ovoids under suitable conditions. 

Hibbard (1981) suggested that rapakivi texture 
forms as a result of magma mixing; here magma 
mixing leads to quenching of a hotter, mafic magma 
and superheating of a cooler, more felsic magma. 
Also needed is an effective cooling mechanism 
related to the sudden loss of volatile components. 
This rapid cooling and also the loss of volatiles is 
facilitated in two ways: 1) heat is transferred to the 
wallrock or 2) magma ascent to higher levels. The 
physical changes (rapid decrease of pressure and 
slow cooling) in the granitic magma during ascen-
sion is also proposed to be a principal factor in 
generating rapakivi textures (Nekvasil 1991). 

The relatively heterogeneous rapakivi plutons 
can be generated as shown in Figure 54, where 
rapakivi granite magma with alkali feldspar 
megacrysts is injected by varying amounts of mafic 
magma. Decompression of the ascending mixed 
magma leaves it unequilibrated with the alkali feld-
spar megacrysts, yet saturated with components 
f rom the mafic magma (e.g., Na, Ca, Mg, Fe) until 
it reaches the crystallization field of plagioclase 
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which crystallizes around the alkali feldspar 
megacrysts (within the new hybrid magma). 

Rounded shape of alkali feldspar megacrysts and 
mantling of some of the ovoids by oligoclase-an-
desine shells are present locally in the hybrid rocks 
and in the mafic rocks where alkali feldspar 
megacrysts have been entrained in the mafic 
magma. Such mantled feldspar ovoids as well as 
amphibole-mantled quartz xenocrysts are indica-
tive of a local disequilibrium. Hybrid complexes 
also occasionally contain two generations of quartz 
(and alkali feldspar) but their idiomorphic shape is 
questionable. 

If hybridization between rapakivi granite magma 
and a mafic (diabase) magma took place after quartz 
phenocrysts were crystallized, amphibole will crys-
tallize almost immediately around the quartz 
xenocrysts to form ocellar texture as is shown in 
most hybrid complexes (see references above). 
Adding a mafic component to the system may leave 
plagioclase as the main liquidus phase in the 
magma, but amphibole will also crystallize simul-
taneously with plagioclase and mantles around al-
kali feldspars will be composed of plagioclase with 
amphibole inclusions, as in the Jaala-litti complex 
(see Fig. 15). Simultaneous crystallization of pla-
gioclase and amphibole is also seen in some M M E s 
of the Jaala-litti complex (Fig. 24). 

In the Wiborg batholith which covers an area of 
over 18 000 km2 , about 80 % is composed of 
wiborgite (Vorma 1976), in which ocellar quartz is 
rare. Mantled feldspar ovoids are also more com-
mon in rapakivi granites than in hybrid rocks in 
which the origin of the texture is obviously related 
to magma mixing and mingling. If magma mixing 
was the cause for the mantled ovoids wiborgites 
would have to represent highly hybridized rocks, 
and they should therefore contain more evidence of 
magma mixing. Therefore rapakivi texture, in gen-
eral, is not a hybrid texture and the majority of 
rapakivi granites do not represent hybrid rocks. 
Locally, however, hybridization is present, and it 
can produce alkali feldspar ovoids with plagio-
clase, quartz (micrographic texture) and/or amphi-
bole. The high Fe/Fe+Mg (Simonen & Vorma 
1969, Rämö & Haapala 1995) of the mafic minerals 

of the rapakivi granites relative to those in the 
hybrid rocks of the Jaala-litti complex (see Figs. 25, 
27, and 29) is compatible with a non-hybrid origin 
or highly limited mixing origin of the rapakivi 
granites. 

In spite of the fact that most rapakivi granites do 
not seem have formed by mechanical or chemical 
exchange between mafic and felsic magmas, inter-
action of these contrasting magmas may have had 
some effect in rapakivi texture. Rapakivi granites 
do not show any visible large-scale signs of me-
chanical or chemical magma mixing such as large 
amounts of mafic rock within the rapakivi granites, 
or large amounts of xenoliths that could be the 
source of alkali feldspar megacrysts in the partially 
crystallized rapakivi granite magma. 

In the Jaala-litti complex, the occurrence of mi-
crographic texture in alkali feldspar megacrysts is 
related to thermal disequilibrium between the 
mega(xeno)crysts and the host melt. Micrographic 
texture is more common in the matrix of wiborgites, 
especially dark wiborgite, than in the rapakivi va-
rieties without rapakivi texture (Vorma 1971). A 
correlation between the occurrence of micrographic 
texture in the rock matrix and rapakivi texture is 
noticeable. In some cases plagioclase mantles sur-
round (granitoid)xenoliths (e.g., Vorma 1971, p. 
26), and in this case it is likely that mantling has 
been formed at high crustal levels. Vorma (1971, p. 
25) describes concave quartz that occurs only as 
inclusions in alkali feldspar ovoids and on the inter-
face between the megacryst and plagioclase mantle. 
That feature is similar to the graphic texture that 
results f rom partial melting of alkali feldspar 
xenocryst in the hybrid rocks of the Jaala-litti com-
plex. 

Haapala (1977a) suggested that the occurrence 
of micrographic texture in rapakivi granites of the 
Eurajoki stock may have been produced by subhori-
zontal diabase dikes located just over or below the 
present erosion level. A three km thick high velocity 
layer (Fig. 55a) has been located under the Wiborg 
batholith at a depth of 10 to 13 km by deep seismic 
soundings (e.g., Luosto etal. 1990) (Fig. 55b). This 
layer, interpreted as being a Subjotnian mafic (gab-
bro-anorthosite) body (Korja 1995) could represent 
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Fig. 55. a) Cross section of the crust in the Wiborg batholith area (b). HVL is a high velocity layer under the ra-
pakivi granite, Mt and M2 represent the Moho discontinuities, and dotted lines represent P-wave velocity bounda-
ries (km/s) within the crust. Modified after Luosto et al. (1990) and Haapala and Rämö (1992). 

a heat source underlying the partially crystallized 
rapakivi granite and causing partial melting of al-
kali feldspar phenocrysts. Bussy (1990) suggests a 
similar mechanism on a smaller scale for alkali 
feldspar xenocrysts occurring in a M M E magma; 
disequilibrium between alkali feldspar megacrysts 
and the host mafic melt (MME) causes dissolution 
of alkali feldspar megacrysts and formation of a 
plagioclase rim by recrystallization. Recrystalliza-
tion in partially solidified rapakivi granite magmas 
after heating may have produced some textures 
occasionally visible such as rhythmic zoning of 
quartz and plagioclase inclusions within alkali feld-
spar megacrysts, concave quartz orientated towards 
the micrographic rims, and, more significantly, the 
rapakivi texture. This postulate assumes rapakivi 
texture to be an indicator of thermal disequilibrium 
between alkali feldspar megacrysts and the host 
melt. This results in dissolution of crystals and the 
formation of mantling textures in the hybrid rocks 
of the Jaala-litti complex. 

One critical point of this hypothesis is whether 
all rapakivi granite stocks and batholiths have a 
high velocity layer (mafic body) underlying the 
granite or not and, if so, does it explain why some 
rocks of batholiths contain rapakivi texture and 
some do not. More commonly stocks do not contain 
rapakivi texture, but some exceptions exist as the 
Rödö rapakivi granite of central Sweden (Anders-
son 1992). The relatively small (2.5 km 2 ) Rödö 
rapakivi granite complex consists of a porphyritic 
rapakivi granite where about 50 % of alkali feld-
spars have a plagioclase mantle. Moreover, there 
are associated mafic dykes and possibly an associ-

ated mafic intrusion below the Rödö granite as 
suggested by Andersson (1992). This also supports 
the theory outlined above also favoured by Emslie 
and Stirling (1993) for the origin of the rapakivi 
texture in the Nain complex of Labrador. 

One example of possible small-scale (thermal) 
interaction of mafic magma and rapakivi granite 
magma to form rapakivi texture is shown in Figure 
56. Alkali feldspar phenocrysts in a porphyritic 
rapakivi granite of the Simola district that occurs in 
contact with a M M E has plagioclase rim only in the 
vicinity of the MME. 

DISCUSSION 

Rapakivi granite and associated mafic (tholeiitic) 
magmatism in southeastern Finland are visible as 
large rapakivi batholiths, diabase dykes and dyke 
swarms, and minor gabbroic and anorthositic bod-
ies. The dyke swarms together with minor quartz-
feldspar porphyry dykes, reflect the extensional 
tectonic regime of the magmatism. Three episodes 
of diabase dyke emplacement, at 1665, 1645, and 
1635 Ma, have been recognized in the area (Vaas-

joki et al. 1991). They typically trend in a W N W 
direction but most of the dykes related to the 
younger rapakivi granites of southwestern Finland 
(Aland rapakivi granite area; see Fig. la) trend to 
the N N E direction. Locally diabase magmas form 
composite dykes with quartz-feldspar porphyries 
(e.g., Rämö 1991, Eklund 1993). This occurs at high 
crustal levels where magma mingling predomi-
nates. More pronounced hybridization is visible in 
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Fig. 56. Photomicrograph of the rapakivi texture at a 
contact with a MME (bottom). Porphyritic rapakivi 
granite from Simola. Alkali feldspar is strongly cor-
roded and both alkali feldspar and plagioclase mantle 
show a similar optical orientation. Width of the picture 
corresponds to 6.1 mm. 

the dyke-like Jaala-litti complex where the interac-
tion of (rapakivi) granite and diabase magmas has 
occurred at moderate crustal levels generating a 
small amount of intermediate hybrid magma. The 
products of the interaction were injected through 
the Svecofennian metamorphic and igneous rocks 
and rapakivi granites of the Wiborg batholith. 

The mafic end-member in the bimodal plutonic 
associations when mixed with felsic magmas usu-
ally occurs as globules that form MMEs. In the 
Jaala-litti complex, both M M E s and large pillow-
like M M E s have various amounts of feldspar and 
quartz (commonly r immed by amphibole) 
xenocrysts. The alkali feldspar and quartz, and 
probably also many of the plagioclase megacrysts 
nucleated and grew in the felsic magma and were 
incorporated into the hybrid rock either by mixing 

of the two melts or by mechanical entrainment f rom 
the felsic magma into the mafic magma. Similar 
features have also been described f rom some of the 
composite diabase-quartz-feldspar porphyry dykes 
in the Suomenniemi complex (Rämö 1990, 1991) 
and the Aland rapakivi granite area (cf. Eklund 
1993). Some megacrysts in the rocks of the Jaala-
litti complex are clearly xenocrysts derived f rom 
partially melted Svecofennian granitoid or rapakivi 
granite xenoliths (Fig. 20). 

Convection caused by injection of the mafic 
magma (Bacon & Metz 1984) contributes to the 
mixing event (Kouchi & Sunagawa 1983) by 
spreading the mafic magma globules throughout the 
felsic magma and reducing the thermal contrast 
between the magmas. The injection of the mafic 
magma into a felsic magma chamber results in a 
rapid superheating of the felsic magma (Sparks et 
al. 1977), which then becomes physically mixed 
after thermal equilibrium is reached. Convection in 
a magma chamber may be driven by heating the 
magma from below as well as by cooling f rom 
above (Koyaguchi etal. 1993). This may lead to two 
convection systems in a stratified magma chamber. 
These features contribute to the mixing event by 
balancing the heat difference between felsic and 
mafic magmas. Multiple injection of a mafic 
magma is best seen in pillow-like M M E s with com-
posite MMEs. The composition of the composite 
M M E s is similar to the non-hybridized M M E s in-
dicating a similar source for all MMEs. 

Several factors, both physical and chemical, 
have an effect on the chemical diffusion (mixing) 
between felsic and the injected mafic magma. These 
are: 

1) The time interval between the emplacement of 
mafic magma and crystallization of the host 
magma. Thermal equilibrium is reached relatively 
fast and certainly before intensive chemical diffu-
sion can occur. 

2) Compositional difference between the mafic 
and felsic magmas. Homogenizat ion is likely only 
if the compositional difference between host and 
injected magma is less than 10 wt% S i 0 2 or if the 
mass fraction of the mafic magma is greater than 
0.5 (Frost & Mahood 1987). 
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3) The proportion of the mafic magma to the 
felsic magma. Hybridization is effective if the pro-
portion of mafic magma is high (Frost & Mahood 
1987). 

4) The size of MMEs; only small enclaves show 
complete recrystallization and composition of horn-
blende and plagioclase similar to those in the host 
rock. According to Castro et al. (199 la), the size of 
the M M E s is controlled by the viscosity contrast 
between the two magmas. The size of the enclaves 
also depends much on the proportion of mafic 
magma injected into the felsic magma. The pillow-
like M M E s do not have chilled margins which 
suggests relatively slow crystallization and an am-
bient temperature close to that of the mafic magma 
itself. The occurrence of quartz and alkali feldspar 
in the matrix is to be expected if magma mixing has 
influenced the composition of the mafic magma. 
The occurrence of quartz and feldspar xenocrysts in 
the M M E s seems to be controlled by the size of the 
M M E ; larger enclaves usually have more 
xenocrysts than the small ones. This could be 
caused by the greater heat capacity of the large 
globules of mafic magma; they have spent more 
time in the felsic or hybrid magma. Complete mix-
ing of mafic and felsic magmas is relatively rare 
because the mafic magma reaches its solidus at a 
higher temperature than the felsic magma. 

A single factor alone cannot produce equilib-
rium, several, maybe all, of those listed above are 
needed to attain the required conditions. 

An increase of temperature favours mixing by 
decreasing the viscosities and the viscosity differ-
ence between the magmas, increasing the velocity 
and turbulence, and increasing the diffusion rate 
(Vernon et al. 1988). Superheating of the felsic 
(hybrid) magma results in granophyric texture that 
indicates the beginning of melting in the alkali 
feldspar. Also ocellar texture indicates thermal 
disequilibrium between the megacrysts and the host 
magma. The micrographic texture commonly vis-
ible in hybrid rocks of the Jaala-litti complex may 
have been formed at a stage during a balanced 
thermal regime that fol lowed one producing cor-
roded alkali feldspar megacrysts r immed by plagio-

clase and quartz in hybrid rocks, pillow-like MMEs , 
and MMEs. 

Theoretically, complete hybridization between 
two different magmas is expected to leave no sign 
of either end-member. In such cases, the occurrence 
of hybridization may be difficult to prove. One key 
for the identification of hybridization between 
mafic and felsic magmas is to compare the compo-
sition of the minerals crystallized after the magma 
mixing event, in this case, amphibole and biotite. 
Distribution of Mg and Fe in these phases may form 
a continuum with those in the end-members. That 
such spread is not recognized in F e - M g silicates of 
the typical Finnish rapakivi granites (Simonen & 
Vorma 1969, Emslie 1991, Rämö & Haapala 1995) 
suggests that these rocks are not of hybrid origin. 
Instead, rapakivi texture of the common rapakivi 
granites may be formed by superheating the ra-
pakivi granite magma without chemical exchange 
between the felsic and mafic magmas. Relative 
calcic-rich granite magmas are needed for crystal-
lizing plagioclase to the extent that is present in 
wiborgites as compared to rapakivi granite varieties 
without mantled ovoids. That superheating of the 
rapakivi granite magma generates the rapakivi tex-
ture without magma mixing is also suggested by the 
relatively low abundance of M M E s in wiborgites. 
The high velocity layer beneath the Wiborg batho-
lith (Elo & Korja 1993, Korja 1995) may have 
contributed a heat source for the superheating. 

The composition of amphibole and plagioclase 
in the hybrid M M E s is similar those in their host 
rock, indicative of local equilibrium at least be-
tween the smaller globules of mafic magma and the 
felsic magma. Several studies indicate that the min-
eral compositions of apatite, biotite, hornblende, 
and plagioclase tend to equilibrate with their host 
rock (e.g., Barbarin 1986, Dorais etal. 1990, Debon 
1991, Allen 1991). Relatively large variations of 
mineral composition and whole rock composition 
in hybrid rocks and pillow-like MMEs, occurrence 
of micro-enclaves in hybrid rocks, and the rheologi-
cal modelling indicate, however, that hybridization 
in the Jaala-litti complex did not reach equilibrium 
before the magmas solidified. Hybridization, in-
cluding mixing and mingling, was an ongoing pro-
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gressive episode the intensity of which decreased 
with time. 

Bateman et al. (1963) suggest that one of the 
possible explanations for the occurrence of mafic 
inclusions in the central part of the Sierra Nevada 
Batholith is that they represent "refractory material 
that was not melted when the magma was formed". 
Chappell and White (1991, p. 376) define restite as 
"any solid material in a plutonic or volcanic rock 
that is residual f rom partial melting of the source"; 
most of the restites in granites are carried up f rom 
the source as single crystals or small aggregates, 
and not as large fragments or enclaves. Thus, mafic 
clots composed of anhedral hornblende and biotite 
with magnetite, apatite, and sphene according to 
this hypothesis represent residual, largely crystal-
lized material that was carried in and equilibrated 
with the magma from its place of origin (e.g., Pres-
nall & Bateman 1973, Bateman & Chappell 1979). 
Zoned plagioclase xenocrysts in M M E s and grani-
toid rocks have been shown to be formed by magma 
mixing (Barbarin 1990). The restite hypothesis 
does not explain the occurrence of those micro-en-
claves similar to amphibole aggregates common in 
rapakivi granites. Even though the amount of restite 
in A-type granites is assumed to be low (Collins et 
al. 1982), one possible restite component in the 
rapakivi granites might be the amphibole aggre-
gates with noticeable amounts of prismatic apatite 
and both magnetite and ilmenite inclusions. Com-
pared to the micro-enclaves, these aggregates are 
irregular in shape. Some zoned apatite crystals 
found in rapakivi granites may also represent origi-
nal restite minerals. 

The habit of apatite is different in M M E s and 
their host rock: in MMEs, apatite commonly occurs 
as needles but in the granites of the complex apatite 
is stubby and prismatic. In the hybrid rocks needle-
like apatite is not necessarily a product of rapid 
quenching of the host magma, but may be a product 
of mingling of apatites f rom mafic magma under-
going disaggregation. 

Studies of the crystallization conditions of the 
rapakivi granites dealing with the mineral assem-
blage amphibole-biot i te-fayal i te indicate crystal-
lization temperatures of 640-800°C at an oxygen 

fugacity parallel to and slightly below the QFM 
buffer (Anderson & Cullers 1978, Emslie & Stirling 
1993). These values correspond to those calculated 
for the hornblende granite and hornblende-quartz-
feldspar porphyry of the Jaala-litti complex. For the 
hybrid rocks of the complex, crystallization tem-
perature is calculated to be higher based on obser-
vations of the mineral chemistry of apatite, amphi-
bole, feldspars, Fe-Ti oxides, and pyroxenes. The 
composition of the hybrid magma and geother-
mometric calculations, indicate an equilibrium tem-
perature of about 950°C. A high temperature of 
equilibration in comparison to the crystallization 
temperature of the rapakivi granites is also sug-
gested by plagioclase cores with composit ions of 
An52 found within plagioclase mantling alkali feld-
spar in the hybrid rock. The main phase of crystal-
lization probably occurred under 850°C with oxy-
gen fugacity 1 - 2 log units below the QFM buffer. 

The level of emplacement of the Jaala-litti com-
plex cannot be determined directly but contact rela-
tions with the rapakivi granites and topaz-bearing 
granites of the Wiborg batholith indicate that the 
magmas of the complex were intruded at high crus-
tal levels, most likely at a pressure less than 2 kbar. 
Amphibole geobarometers after Hammarst röm and 
Zen (1986), Hollister et al. (1987), Johnson and 
Rutherford (1989), and Schmidt (1990) give a rela-
tively wide pressure range f rom 1 to 5 kbar. An error 
limit of 0 .6 -3 kbar, depending on the calibration, 
should be taken into account when calculating the 
pressures. The thermal heterogeneity and the spo-
radic cooling or reheating during the evolution of 
the magmas may also have effected the composition 
of the amphibole and thus, the calculated pressures. 

Volcanic rocks related to rapakivi granite mag-
matism in southeastern Fennoscandia have been 
recognized, with both mafic and felsic members on 
the island of Suursaari in the Gulf of Finland (Wahl 
1925. 1947). This and the roof pendants and brec-
cias in the northeastern part of the Wiborg batholith 
(Vorma 1975) indicate a relatively high emplace-
ment level of the rapakivi granite magmas. It is also 
possible that the magmas of the Jaala-litti complex 
extruded to the surface forming a volcanic complex 
as proposed by Vorma (1971). 
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C O N C L U S I O N S 

Petrographical, mineral chemical, geochemical 
characteristics, and the petrogenetical implications 
for the rocks of the Jaala-litti complex lead to the 
following conclusions: 

1) The felsic end-member of the complex con-
sists of hornblende granites and minor hornblende-
quartz-feldspar porphyries. The mafic end-member 
is represented by non-hybridized M M E s which 
compositionally are analogous to some of the 
evolved Subjotnian diabases in southeastern Fen-
noscandia; the majority of the M M E s and large 
pillow-like M M E s have interacted with their felsic 
host. The magma mixing and mingling of mafic and 
felsic magmas forming hybrid magmas has taken 
place at moderate crustal levels probably in a strati-
fied magma chamber before final emplacement as 
a subvolcanic dyke-like complex. 

2) Geochemical modelling indicates that the hy-
brid rocks and hybrid M M E s including pillow-like 
M M E s are formed by a mass-fraction of the mafic 
magma from 0.1 to 0.3 and from 0.4 to 0.9, respec-
tively, at an equilibrium temperature of about 
950°C. 

3) Mixing of magmas was assisted by the low 
crystallinity of the mafic magma, an intermediate 
crustal depth of hybridization, convection regime, 
superheating of the felsic magma, and an increase 
of fluorine in the mafic magma by diffusion that 
reduced both the viscosity and the solidus tempera-
ture of the mafic magma. Magma mixing continued 
during the emplacement of the magmas. 

4) The hybrid rocks, hybrid MMEs , and pillow-
like M M E s are characterized by: a) quartz mantled 
by amphibole±augite (ocellar texture), b) alkali 
feldspar megacrysts mantled by a micrographic pla-
gioclase quartz intergrowths, and c) alkali feldspar 
megacrysts mantled by a plagioclase with occa-
sional amphibole inclusions. A characteristic of the 
hybrid rocks is also that they contain more needle-
like apatite than the granites of the complex. 

5) Alkali feldspar and quartz megacrysts in the 
hybrid rocks are derived f rom the felsic end-mem-
ber of the complex and f rom disaggregated rapakivi 
granite and Svecofennian granitoid xenoliths. The 

M M E s and pillow-like M M E s contain feldspar and 
quartz xenocrysts that were captured f rom the par-
tially crystallized rapakivi granite magma. 

6) Geochemistry and mineral chemistry of the 
M M E s shows that local equilibrium between the 
mafic and felsic end-members was reached. Recrys-
tallization is apparent in the recrystallized borders 
of the M M E s and as micro-enclaves which repre-
sent recrystallized small droplets of mafic magma. 

7) The crystallization of the granites of the com-
plex has occurred between 850-650°C at a pressure 
less than 2 kbar. After thermal equilibration of the 
mafic and felsic magmas at about 950°C, the crys-
tallization of the hybrid magmas took place in a 
temperature range f rom 900° to 750°C parallel or 
slightly below the QFM buffer . 

8) The hybrid rocks, MMEs , and pillow-like 
M M E s contain feldspar megacrysts with mi-
crographic rims or plagioclase rims; the latter sug-
gest crystallization temperatures of 750-850°C at a 
pressure of less than 2 kbar. 

9) The mineral chemistry of amphiboles and 
biotites as well as field observations suggest that the 
classic wiborgite rapakivi granite of southeastern 
Fennoscandia was not formed by chemical interac-
tion between felsic and mafic magmas. 

10) Petrographical similarity of rapakivi texture 
and mantled textures in the hybrid rock types of the 
Jaala-litti complex suggests that the rapakivi tex-
ture may form if alkali feldspar megacrysts become 
thermally unstable in a reheated rapakivi granite 
magma. In the case of the Wiborg batholith this may 
have been caused by a mafic body (high-velocity 
layer) beneath the batholith. 
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Appendix le . Electron microprobe analyses of a lkal i feldspars of the Jaala-litti complex. 

Hornblendegranite Hbl-qz-fsp porphyry MME Pillow-like MME 
Sample 91381 90561 90161 90561 90542 90542 91053A 91053C 91382 91381 90041A 9102 A 

matrix matrix matrix agg"- matrix incl. af matrix matrix matrix incl. pi matrix matrix 
Number of analyses 1 3 3 3 3 2 5 2 3 4 2 4 
SiOi (wt%) 40.84 40.85 40.99 41.06 40.99 41.28 45.02 41.68 41.18 41.17 46.46 43.80 
AI2O3 8.45 8.46 8.90 8.29 8.32 8.30 7.87 8.31 8.56 9.14 6.31 7.37 
TiÖ2 1.73 1.64 1.36 1.84 1.57 1.32 1.46 1.51 1.68 1.52 1.19 1.53 
FeO"" 26.18 27.83 30.13 28.18 27.96 27.51 20.98 23.28 26.47 26.37 24.17 24.79 
MnO 0.46 0.30 0.46 0.33 0.36 0.38 0.20 0.19 0.36 0.40 0.46 0.41 
MgO 5.20 4.28 3.19 3.95 4.66 4.80 9.68 7.81 5.02 5.08 7.68 6.53 
CaO 11.28 11.36 10.37 11.82 10.29 10.17 11.78 11.38 12.11 11.21 10.78 10.95 
N a , 0 1.99 1.86 1.89 1.92 1.95 2.06 1.56 1.62 1.83 1.87 1.24 1.52 
K , 6 1.51 1.11 1.35 1.51 1.44 1.39 1.25 1.02 1.46 1.53 0.69 0.83 
Total 97.64 97.69 98.64 98.90 97.54 97.21 99.80 96.80 98.67 98.29 98.98 97.73 
FeO* 23.57 24.68 23.76 21.48 21.62 21.42 16.99 17.55 17.86 23.05 18.09 20.15 
Fe 20,* 2.90 3.50 7.08 7.44 7.04 6.78 4.43 6.36 9.57 3.69 6.75 5.16 
Total 97.93 98.04 99.35 99.64 98.24 97.90 100.24 97.43 99.63 98.66 99.65 98.25 
Formula based on 23 oxyjen atoms 
Si 6.46 6.48 6.43 6.40 6.45 6.50 6.68 6.46 6.35 6.44 6.96 6.74 
Al ,v 1.54 1.49 1.57 1.37 1.52 1.47 1.30 1.49 1.35 1.56 1.04 1.26 
Fe3+ 0.00 0.03 0.00 0.23 0.03 0.03 0.02 0.05 0.30 0.00 0.00 0.00 

T-site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Alvl 0.04 0.09 0.08 0.15 0.03 0.07 0.08 0.03 0.20 0.13 0.07 0.08 
Ti 0.21 0.20 0.16 0.22 0.19 0.16 0.16 0.18 0.19 0.18 0.13 0.18 
Fe2* 3.12 3.27 3.12 2.81 2.85 2.82 2.11 2.28 2.31 3.02 2.26 2.59 
Fe , + 0.35 0.42 0.84 0.86 0.83 0.80 0.49 0.74 1.10 0.43 0.76 0.60 
Mn 0.06 0.04 0.06 0.04 0.05 0.05 0.02 0.02 0.05 0.05 0.06 0.05 
Mg 1.23 1.01 0.74 0.92 1.09 1.13 2.14 1.80 1.15 1.19 1.72 1.50 

M,l,2,3-sites 5.01 5.03 5.00 5.00 5.04 5.03 5.00 5.05 5.00 5.00 5.00 5.00 
Ca 1.91 1.93 1.74 1.97 1.73 1.72 1.88 1.89 2.00 1.88 1.73 1.80 
Na 0.09 0.07 0.26 0.03 0.27 0.28 0.12 0.11 0.00 0.12 0.27 0.20 

M4-site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
K 0.30 0.22 0.27 0.30 0.29 0.28 0.24 0.20 0.29 0.31 0.13 0.16 
Na 0.52 0.50 0.32 0.55 0.33 0.35 0.32 0.38 0.55 0.45 0.09 0.26 

A-site 0.82 0.72 0.59 0.85 0.62 0.63 0.56 0.58 0.84 0.76 0.22 0.42 
Total 15.83 15.75 15.59 15.85 15.66 15.66 15.56 15.63 15.84 15.76 15.22 15.42 

Fe3+/(Fe2++Fe3+) 0.10 0.11 0.21 0.23 0.23 0.22 0.19 0.25 0.32 0.12 0.25 0.19 
Mg/tMg+Fe2""-) 0.28 0.24 0.19 0.25 0.28 0.29 0.50 0.44 0.33 0.28 0.43 0.37 
Al"" 1.58 1.58 1.65 1.52 1.55 1.54 1.38 1.52 1.55 1.69 1.11 1.34 
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Appendix la (Continued). 

Pillow-like MME ME Hybridrock Wiborgte 
Sample 9102A 90041A 90191 90141 90501 90191 90141 90501 90191 90191 90141 Summa Summa 

c-MME ocelli matrix matrix matrix matrix ocelli ocelli ocelli aggr. incl. pi matrix agff-
Number of analyses 2 2 6 6 3 5 4 7 3 6 3 2 3 
SiO, (wt%) 44.03 43.66 42.41 42.67 41.60 43.26 42.12 43.23 43.56 43.58 41.63 39.14 40.55 
AljO, 7.38 8.34 8.63 7.96 8.61 8.53 8.32 7.67 7.77 8.33 8.11 9.45 8.97 
TiO: 1.56 1.67 1.62 1.64 1.69 1.75 1.84 1.24 1.00 1.70 1.55 1.91 1.83 
FeO"" 23.14 25.07 26.43 25.32 27.36 24.16 24.67 26.51 24.14 26.64 26.18 31.62 30.26 
MnO 0.40 0.47 0.35 0.34 0.35 0.29 0.33 0.39 0.28 0.28 0.37 0.40 0.33 
MgO 7.09 6.75 5.52 6.20 5.11 6.39 6.92 6.07 6.94 6.07 6.26 2.36 2.84 
CaO 10.87 10.75 10.68 11.32 10.05 10.73 11.51 10.59 10.62 10.77 11.53 11.87 11.39 
Na 2 0 1.56 1.44 2.08 1.72 1.92 1.91 1.79 1.84 1.81 1.78 1.78 1.88 1.99 
KiO 0.89 1.04 1.41 1.21 1.29 1.45 1.50 1.15 1.26 1.41 1.12 1.64 1.62 
Total 96.92 99.19 99.13 98.38 97.98 98.47 99.00 98.69 97.38 100.56 98.53 100.27 99.78 
FeO* 19.62 18.18 21.92 21.85 20.00 21.26 20.84 20.17 19.41 20.89 20.99 24.67 26.72 
Fe203* 3.92 7.66 5.01 3.86 8.18 3.21 4.25 7.05 5.27 6.40 5.77 7.73 3.93 
Total 97.32 99.96 99.63 98.77 98.80 98.78 99.42 99.40 97.92 101.21 99.11 101.05 100.17 
Formula based on 23 oxygen atoms 
Si 6.80 6.59 6.53 6.60 6.45 6.65 6.48 6.63 6.72 6.57 6.45 6.14 6.38 
AIIV 1.20 1.41 1.47 1.37 1.51 1.35 1.47 1.34 1.25 1.39 1.45 1.54 1.62 
Fe3* 0.00 0.00 0.00 0.03 0.03 0.00 0.05 0.03 0.03 0.04 0.10 0.33 0.00 

T-site 8.00 8.00 8.00 8.00 7.99 8.00 8.00 8.00 8.00 8.00 8.00 8.01 8.00 
Alv l 0.14 0.07 0.10 0.08 0.06 0.19 0.04 0.05 0.17 0.09 0.03 0.21 0.04 
Ti 0.18 0.19 0.19 0.19 0.20 0.20 0.21 0.14 0.12 0.19 0.18 0.23 0.22 
Fe2* 2.53 2.29 2.82 2.83 2.60 2.74 2.68 2.59 2.51 2.64 2.72 3.24 3.52 
Fe3* 0.46 0.87 0.58 0.45 0.95 0.37 0.49 0.81 0.61 0.72 0.67 0.91 0.47 
Mn 0.05 0.06 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.04 
Mg 1.63 1.52 1.27 1.43 1.18 1.46 1.59 1.39 1.60 1.36 1.45 0.55 0.67 

Ml,2,3-sites 4.99 5.00 5.01 5.03 5.04 5.00 5.05 5.03 5.05 5.04 5.10 5.19 4.96 
Ca 1.80 1.74 1.76 1.88 1.67 1.77 1.90 1.74 1.76 1.74 1.91 1.99 1.92 
Na 0.20 0.26 0.24 0.12 0.33 0.23 0.10 0.26 0.24 0.26 0.09 0.01 0.08 

M4-site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
K 0.18 0.20 0.28 0.24 0.26 0.28 0.29 0.22 0.25 0.27 0.22 0.33 0.33 
Na 0.26 0.16 0.38 0.39 0.25 0.34 0.43 0.29 0.30 0.26 0.45 0.57 0.53 

A-site 0.44 0.36 0.66 0.63 0.51 0.62 0.72 0.51 0.55 0.53 0.67 0.90 0.86 
Total 15.43 15.36 15.67 15.66 15.54 15.62 15.77 15.54 15.60 15.57 15.77 16.10 15.82 

Fe3*/(Fe2*+Fe3*) 0.15 0.28 0.17 0.14 0.27 0.12 0.15 0.24 0.20 0.21 0.20 0.22 0.12 
Mg/( Mg+Fe2*) 0.39 0.40 0.31 0.34 0.31 0.35 0.37 0.35 0.39 0.34 0.35 0.15 0.16 
A1IOI 1.34 1.48 1.57 1.45 1.57 1.54 1.51 1.39 1.42 1.48 1.48 1.75 1.66 
Note: ME = micro-enclave c-MME = composite MME. 

agg-, = amphibole agg-egate, incl. af = amphiboleinclusion in alkali feldspar, incl. pi = amphiboloiclusion in plagioclase. 

FeO"" represents total iron. 

Stoichiometric formulae were calculated based on utilization of the Fe37(Fe3*+Fe2*) ratio iterations and assumingtotal cations in T.M1, M2, and M3-
sitesto be 13 (excludingCa, Na, and K).Crystal-chemicallimits (Robinson el al. 1982) are: 1) T-site (sum = 8) is filled by Si, Al'v, and Fe3* (if 
needed). 
2) M4-site (sum = 2) is filled by Ca and Na. 3)M I -, M2-, and M3-sites (sum = 5) are filled by A1VI, Ti, Fe2*, Fe3*, Mn, and Mg. 4) A-site (sum = 0-1) i: 
filled by K and remaining Na. 

* recalculated afterFe2* and Fe3* in formula. 

AI101 represent total Al. 
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Appendix l e . Electron microprobe analyses of alkali feldspars of the Jaala-litti complex. 

Hornblende granite M M E ME Hybridrock Wiborgite 
Sample 90561 90561 91053C 90191 90141 90191 90191 Summa Summa 

matrix amph agg-. matrix matrix matrix matrix amph agg". matrix amph agg-. 
Number of analyses 1 2 10 3 10 4 7 3 5 

(wt%) 41.11 42.48 41.62 40.52 41.63 42.77 41.44 41.27 40.64 
CaO 55.23 54.21 57.56 54.37 53.94 54.37 55.09 54.60 53.39 
FeO10' 0.06 0.35 0.14 0.13 0.09 0.09 0.49 0.05 0.50 
MnO 0.06 0.06 0.02 0.03 0.02 0.04 0.02 0.01 0.01 
F 3.11 3.12 2.27 3.20 2.39 3.05 3.14 2.62 2.69 
Cl 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
-OsF.Cl 1.31 1.31 0.96 1.35 1.01 1.29 1.32 1.10 1.13 
Total 98.27 98.92 100.66 96.91 97.07 99.04 98.87 97.46 96.11 
Formulabased on 13 oxygen atoms 
P 2.99 3.05 2.98 2.99 3.06 3.06 3.00 3.03 3.02 
Ca 5.09 4.93 5.22 5.08 5.02 4.93 5.04 5.07 5.03 
F e " 0.00 0.03 0.01 0.01 0.01 0.01 0.04 0.00 0.04 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.85 0.83 0.61 0.88 0.66 0.82 0.85 0.72 0.75 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
OH* 0.15 0.16 0.39 0.12 0.34 0.18 0.15 0.28 0.25 
Total 9.08 9.00 9.21 9.08 9.09 9.00 9.08 9.10 9.09 
Note: ME = micro-enclave 

amph agg*. = apatitein amphibole aggregate. 

FeO101 and Fetot represent total iron. 

* calculated by assumingF + CI + O H = 1.00. 
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Appendix lh. Electron microprobe analyses of pyroxenes of the Jaala-litti complex. 

Hhl-granite Pillow-like MME ME Hybrid rock Wi borgte 

Sample 90161 9102 A 9102 A 90191 90141 90191 90501 Summa 
matrix matrix c-MME matrix matrix matrix matrix matrix 

Number of analyses 3 4 2 1 2 2 4 1 

S i0 2 (wt%) 34.36 35.97 35.61 36.00 35.55 36.14 36.32 34.20 
AI2O3 13.16 13.73 13.53 12.55 13.23 12.86 13.25 14.06 
TiO, 3.32 4.22 4.33 4.03 3.66 3.63 4.04 2.79 
FeO™ 33.12 26.59 26.37 27.82 32.01 27.96 28.64 33.59 
MnO 0.31 0.17 0.18 0.22 0.21 0.13 0.15 0.14 
MgO 2.51 6.98 7.04 5.27 5.13 6.14 6.29 2.06 
CaO 0.02 0.04 0.01 0.00 0.02 0.02 0.02 0.03 
N a , 0 0.11 0.08 0.09 0.31 0.09 0.11 0.11 0.04 
K , 0 8.64 8.48 8.73 9.25 8.30 9.65 9.03 8.14 
Total 95.55 96.26 95.89 95.45 98.20 96.64 97.85 95.05 
FeO* 28.61 23.47 23.33 24.24 27.63 24.60 25.23 28.87 
Fe,0 3* 5.02 3.47 3.38 3.99 4.87 3.74 3.79 5.25 
Total 96.06 96.61 96.23 95.86 98.69 97.02 98.23 95.58 
Formula based on 22 oxyg:n atoms 
Si 5.55 5.56 5.54 5.69 5.51 5.65 5.59 5.53 
A1IV 2.45 2.43 2.46 2.31 2.42 2.34 2.37 2.47 
Fe3+ 0.00 0.01 0.00 0.00 0.07 0.01 0.04 0.00 

T-site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Alv l 0.06 0.08 0.03 0.02 0.00 0.03 0.03 0.21 
Ti 0.40 0.49 0.51 0.48 0.43 0.43 0.47 0.34 
Fe2+ 3.86 3.04 3.04 3.20 3.58 3.21 3.25 3.91 
Fe3+ 0.61 0.40 0.40 0.47 0.50 0.42 0.40 0.64 
Mn 0.04 0.02 0.02 0.03 0.03 0.02 0.02 0.02 
Mg 0.61 1.61 1.63 1.24 1.19 1.43 1.44 0.50 

O-site 5.58 5.64 5.63 5.44 5.73 5.54 5.61 5.62 
Ca 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Na 0.04 0.02 0.03 0.10 0.03 0.03 0.03 0.01 
K 1.78 1.68 1.73 1.86 1.64 1.92 1.77 1.68 

A-site 1.82 1.71 1.76 1.96 1.67 1.95 1.80 1.70 
Total 15.40 15.35 15.39 15.40 15.40 15.49 15.41 15.32 

Fe2+/(Fe2++Fe3+) 0.86 0.88 0.88 0.87 0.86 0.88 0.88 0.86 
Mg/(Mg+Fe2+) 0.14 0.35 0.35 0.28 0.25 0.31 0.31 0.11 
Fe/(Fe+Mg) 0.88 0.68 0.68 0.75 0.78 0.72 0.72 0.90 
Al™ 2.51 2.51 2.49 2.33 2.42 2.37 2.40 2.68 

Note: Hbl-g -anite= hornblende granite, M E = micro-enclave c-MME = composite MME. 

FeO tot represents total iron. 

* FeO (and Fe2(>0 content was recalculated by usingthe followingempirical equation (Bruiyn et al. 1983): 

FeO = -10.7325 + 0.0705-SiQ + 0.4598TiQ> + 0.3067-At0 3 + 0.8433-FeO10' + 0.288-Mn0 - 0.0581 -MgO- O.0765-Ca0- 1.1294-N^O + 0.4172-fcO. 

Fe represents total Fe. 

Altot represents total Al. 
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Appendix Id. Electron microprobe analyses of plagioclases of the Jaala-litti complex. 

Hornblende granite Hbl-qz-fsp porphyry 

Sample 91381 90161 90591 90591 90591 90542 90302 90302 
matrix matrix matrix xcr. (core) xcr. (rim) matrix matrix phenocryst 

Number of analyses 2 5 3 5 4 1 1 1 

SiO, (wt%) 60.18 59.31 62.39 55.29 61.79 60.69 62.93 60.04 
AI2Ö3 26.31 25.14 24.54 29.41 25.01 23.74 23.53 25.18 
T i b , 0.02 0.02 0.02 0.06 0.02 0.00 0.00 0.00 
FeO"" 0.11 0.09 0.08 0.07 0.12 0.07 0.11 0.11 
MgO 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 
CaO 6.57 5.72 5.68 10.36 5.77 5.51 4.40 5.85 
N a 2 0 7.66 7.57 8.56 5.25 8.01 8.80 9.12 7.98 
K ; 0 0.17 0.25 0.14 0.14 0.24 0.23 0.22 0.30 
BaO 0.01 0.04 0.00 0.03 0.02 0.00 0.00 0.08 
Total 101.03 98.15 101.42 100.61 100.99 99.05 100.31 99.54 
Formulabasedon 8 oxygen atoms 
Si 2.65 2.68 2.73 2.47 2.72 2.73 2.78 2.68 
Al 1.37 1.34 1.27 1.55 1.30 1.26 1.22 1.33 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F e " 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.31 0.28 0.27 0.50 0.27 0.27 0.21 0.28 
Na 0.65 0.66 0.73 0.45 0.68 0.77 0.78 0.69 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.99 4.97 5.01 4.98 4.98 5.04 5.00 5.00 

XAII 0.319(8) 0.290(40) 0.266(62) 0.518(15) 0.282(80) 0.254 0.208 0.283 
0.672(9) 0.695(37) 0.726(60) 0.474(15) 0.703(80) 0.733 0.779 0.699 

Xo. 0.010(1) 0.015(3) 0.008(2) 0.008(2) 0.014(1) 0.013 0.013 0.017 
Xcn 0.000(0) 0.001(1) 0.000(0) 0.001(1) 0.000(0) 0.000 0.000 0.001 

Appendix Id (Continued). 

MME Pillow-like MME M E 

Sample 

Number of analyses 

91053C 
matrix 

4 

91382 
matrix 

2 

91382 
xcr. (core) 

2 

91382 

xcr. (rim) 

3 

9102 A 
matrix 

1 

90041A 
matrix 

3 

9102 A 

c -MME 

1 

90041A 
megacryst 

5 

90191 
matrix 

3 

SiO, (wt%) 56.39 57.81 59.94 55.99 56.83 56.69 59.76 60.36 60.09 
A M * 28.44 26.22 26.71 28.37 24.97 25.69 23.34 25.59 24.99 
TiO, 0.09 0.00 0.00 0.03 0.01 0.03 0.06 0.03 0.06 
FeO'0 ' 0.47 0.19 0.23 0.11 0.53 0.30 0.43 0.20 0.20 
MgO 0.02 0.02 0.01 0.01 0.06 0.03 0.01 0.01 0.00 
CaO 9.81 8.27 6.76 9.55 7.21 6.86 5.49 6.81 6.81 
N a 2 0 5.67 6.83 6.46 5.70 7.46 7.57 8.71 7.21 7.77 
K , 0 0.15 0.10 0.66 0.15 0.36 0.16 0.21 0.27 0.13 
BaO 0.11 0.00 0.01 0.03 0.09 0.04 0.10 0.04 0.02 
Total 101.15 99.44 100.78 99.94 97.52 97.37 98.11 100.52 100.07 
Formulabasedon 8 oxyien atoms 
Si 2.51 2.60 2.65 2.51 2.62 2.61 2.72 2.67 2.68 
Al 1.49 1.39 1.39 1.50 1.36 1.39 1.25 1.34 1.31 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe101 0.02 0.01 0.01 0.00 0.02 0.01 0.02 0.01 0.01 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.47 0.40 0.32 0.46 0.36 0.34 0.27 0.32 0.33 
Na 0.49 0.60 0.55 0.50 0.67 0.67 0.77 0.62 0.67 
K 0.01 0.01 0.04 0.01 0.02 0.01 0.01 0.02 0.01 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.99 5.01 4.96 4.98 5.05 5.03 5.04 4.98 5.01 

^AN 0.484(23) 0.398(8) 0.351(10) 0.477(62) 0.340 0.331(66) 0.255 0.337(102) 0.324(92) 

^AB 0.506(23) 0.596(7) 0.608(12) 0.514(63) 0.639 0.66(68) 0.733 0.647(92) 0.668(88) 

Xor 0.009(1) 0.006(0) 0.041(3) 0.009(4) 0.020 0.009(2) 0.012 0.016(10) 0.007(4) 
Xcn 0.002(3) 0.000(0) 0.000(0) 0.001(1) 0.002 0.001(0) 0.002 0.001(1) 0.000(0) 
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Appendix Id (Continued). 

Hybrid rock Rpk gr 

Sample 

Number of analyses 

90141 
matrix 

1 

90501 
matrix 

1 

90191 
matrix 

1 

90191 
phenocryst 

3 

90141 
incl. af 

4 

90141 
incl. af 

2 

90141 
incl. af 

2 

90141 
met 

3 

90141 
plm 

5 

90I4X 
incl. af 

3 

SiO, (wt%) 62.50 61.16 56.62 58.42 59.11 59.68 60.68 59.31 58.31 60.75 
AfeOj 24.29 23.43 26.38 26.15 24.11 23.83 25.59 24.87 25.75 24.83 
TiÖ2 0.04 0.01 0.00 0.04 0.01 0.02 0.02 0.02 0.02 0.01 
FeO™ 0.09 0.09 0.07 0.27 0.17 0.24 0.20 0.11 0.11 0.39 
MgO 0.00 0.01 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.01 
CaO 5.51 5.50 8.52 6.90 6.40 6.60 6.54 6.71 7.37 6.22 
Na 2 0 7.62 8.76 6.78 7.06 8.08 7.17 7.36 7.62 7.06 7.51 
K 2 0 0.26 0.44 0.13 0.28 0.31 0.29 0.23 0.25 0.23 0.42 
BaO 0.00 0.01 0.00 0.01 0.03 0.07 0.17 0.03 0.09 0.08 
Total 100.31 99.50 98.50 99.15 98.22 97.90 100.80 98.93 98.94 100.22 
Formula based on 8 oxygen atoms 
Si 2.75 2.74 2.58 2.63 2.69 2.71 2.68 2.67 2.63 2.70 
Al 1.26 1.24 1.42 1.39 1.29 1.28 1.33 1.32 1.37 1.30 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe™ 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.26 0.26 0.42 0.33 0.31 0.32 0.31 0.32 0.36 0.30 
Na 0.65 0.76 0.60 0.62 0.71 0.63 0.63 0.67 0.62 0.65 
K 0.01 0.03 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.02 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.93 5.03 5.03 5.00 5.03 4.97 4.97 4.99 4.99 4.98 

XAH 0.281 0.251 0.407 0.345(66) 0.299(22) 0.331(11) 0.324(10) 0.323(22) 0.359(156) 0.306(41) 
X\h 0.703 0.725 0.586 0.638(62) 0.683(23) 0.651(12) 0662(9) 0.663(20) 0.626(152) 0.669(48) 
Xor 0.016 0.024 0.008 0.017(4) 0.018(3) 0.017(1) 0.013(0) 0.014(3) 0.014(5) 0.025(9) 
Xcn 0.000 0.000 0.000 0.000(0) 0.000(0) 0.001(0) 0.003(0) 0.000(0) 0.002(2) 0.001(1) 

Note: ME = micro-enclave c-MME = composite MME, Rpk gt = rapakivi granite xenolith in hybrid rock. 

xcr. = xenocryst, mgt= micrographictexture, pirn = plagioclase mantlingilkali feldspar, incl. at' = inclusion in alkali feldspar. 

FeOlot and Fe'"' represent total iron. 

Parenthesized numbers indicate one standard deviationof measurement in terms of least digits cited (e.g.. 0.319(8) should be read 0.319±0.008). 
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Appendix le. Electron microprobe analyses of alkali feldspars of the Jaala-litti complex. 

Hornblende granite Hbl-qz-fsp porphyry Pillow-like MME 
Sample 90161 90591 90302 90542 90542 9102 A 

matrix matrix matrix megacryst megacryst matrix 
Number of analyses 2 3 2 3 5 1 
SiO, (wt%) 64.56 66.21 61.94 63.83 63.94 63.04 
AI,Ö, 18.65 18.74 18.77 18.31 18.81 17.94 
TiÖ-, 0.00 0.04 0.02 0.01 0.02 0.01 
FeCT 0.03 0.05 0.07 0.09 0.13 0.26 
MgO 0.01 0.01 0.00 0.00 0.01 0.00 
CaO 0.01 0.06 0.26 0.08 0.50 0.00 
N a , 0 1.01 1.35 2.17 2.47 3.82 1.20 
K , 0 15.04 13.70 12.41 12.99 10.57 14.40 
BaO 0.18 0.28 0.25 0.40 0.58 0.02 
Total 99.49 100.44 95.89 98.18 98.38 96.87 
Formula based on 8 oxygen atoms 
Si 2.99 3.01 2.96 2.99 2.97 3.00 
Al 1.02 1.00 1.06 1.01 1.03 1.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
Fe"" 0.00 0.00 0.00 0.00 0.01 0.01 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.00 0.00 0.01 0.00 0.02 0.00 
Na 0.09 0.12 0.20 0.22 0.34 0.11 
K 0.89 0.80 0.76 0.78 0.63 0.87 
Ba 0.00 0.00 0.00 0.01 0.01 0.00 
Total 4.99 4.93 4.99 5.01 5.01 4.99 

XAn 0.001(1) 0.003(5) 0.013(4) 0.004(1) 0.025(5) 0.000 
XAb 0.093(37) 0.129(54) 0.207(47) 0.223(12) 0.346(18) 0.112 
XOr 0.904(37) 0.863(58) 0.776(43) 0.767(16) 0.622(24) 0.887 
*Cn 0.003(0) 0.005(3) 0.005(1) 0.007(5) 0.011(7) 0.000 

Appendix le (Continued). 

Hybridrock Rpk. gr 

Sample 90141 90501 90191 90141 90141 90141 9014X 
matrix matrix matrix megacryst megacryst megacryst megacryst 

Number of analyses 2 3 2 4 4 5 4 

SiOi (wt%) 65.20 65.15 63.39 63.92 62.73 64.82 65.37 
A1 ;0, 18.02 18.81 19.24 19.10 17.88 19.12 18.54 
TiO, 0.01 0.03 0.02 0.02 0.02 0.02 0.01 
FeO"" 0.01 0.12 0.17 0.07 0.02 0.02 0.08 
MgO 0.00 0.01 0.02 0.01 0.00 0.01 0.00 
CaO 0.10 0.11 0.11 0.20 0.20 0.17 0.10 
Na 2 0 1.85 1.53 0.88 2.43 0.90 2.36 2.24 
K , 0 12.49 13.81 14.55 12.25 15.01 11.70 12.48 
BaO 0.46 0.26 0.27 0.35 0.03 2.29 1.00 
Total 98.14 99.83 98.65 98.35 96.79 100.51 99.82 
Formulabased on 8 oxygen atoms 
Si 3.03 2.99 2.96 2.97 2.99 2.97 3.00 
Al 0.99 1.02 1.06 1.05 1.00 1.03 1.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe™ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.00 
Na 0.17 0.14 0.08 0.22 0.08 0.21 0.20 
K 0.74 0.81 0.87 0.73 0.91 0.69 0.73 
Ba 0.01 0.00 0.00 0.01 0.00 0.04 0.02 
Total 4.95 4.97 4.99 4.99 4.99 4.95 4.95 

XAN 0.006(0) 0.006(2) 0.006(0) 0.010(9) 0.010(21) 0.009(8) 0.005(1) 
XAB 0.183(11) 0.144(57) 0.084(2) 0.229(19) 0.082(115) 0.233(83) 0.213(65) 
Xor 0.804(8) 0.846(63) 0.905(4) 0.755(28) 0.908(110) 0.726(100) 0.767(66) 
Xm 0.009(3) 0.005(4) 0.005(2) 0.007(3) 0.001(0) 0.044(19) 0.019(5) 

Note: Rpk gc = rapakivi granite xenolith in hybrid rock. 
FeO10' and Fe11" represent total iron. 
Parenthesized numbers indicate one standard deviationof measurement in terms of least digits cited (e.g., 0.001(1) should be read 0.001 ±0.001) 
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Appendix lh. Electron microprobe analyses of p y r o x e n e s of the Jaala-litti complex. 

Hbl-g-. HQF porphyry Micro-enclave Hybridrock 
Sample 90561 91402 91402 90191 90191 90191 90141 91501 90191 90491E 90191 90141 90141 9049IE 

amph matrix matrix matrix amph biot matrix matrix matrix matrix agi* ocelli matrix matrix 
grain lamell grain grain grain grain grain grain grain grain grain grain lamell lamell 

Number of analyses 5 4 3 3 2 1 4 2 5 6 2 3 6 5 
FeO"" (wt%) 48.30 47.21 45.01 45.70 47.23 46.98 48.29 47.49 46.99 45.23 45.85 48.24 49.04 48.27 
TiO; 49.98 49.81 49.53 50.46 51.10 51.56 49.00 51.90 50.25 48.99 51.78 49.45 48.75 49.82 
MnÖ 1.23 1.64 0.90 1.31 1.29 1.50 2.04 1.10 1.17 1.16 2.20 1.74 1.21 1.15 
MgO 0.01 0.02 0.00 0.01 0.00 0.02 0.01 0.03 0.02 0.00 0.01 0.02 0.01 0.00 
Cr203 0.01 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.03 0.01 0.00 0.03 0.01 
V ,0 , 1.39 1.04 0.18 1.40 1.53 1.66 1.40 0.00 1.50 0.19 1.58 1.35 1.34 1.10 
AI2Ö3 0.01 0.01 0.05 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.01 0.00 0.02 0.02 
Total 100.93 99.73 95.68 98.89 101.18 101.74 100.75 100.53 99.95 95.62 101.44 100.80 100.40 100.37 
FeO* 43.68 43.09 43.63 44.02 44.63 44.80 41.98 45.50 43.95 42.87 44.32 42.67 42.59 43.63 
Fe2Oj* 5.13 4.57 1.54 1.87 2.88 2.42 7.02 2.21 3.38 2.63 1.71 6.20 7.16 5.16 
Total 101.44 100.20 95.84 99.08 101.47 101.97 101.45 100.75 100.30 95.88 101.61 101.43 101.11 100.89 
Formula based on 3 oxygen atoms 
Fe 0.91 0.91 0.97 0.94 0.93 0.93 0.88 0.96 0.94 0.95 0.92 0.89 0.89 0.92 
Fe ,+ 0.10 0.08 0.03 0.03 0.05 0.05 0.13 0.04 0.06 0.05 0.03 0.11 0.13 0.10 
Ti 0.94 0.95 0.98 0.97 0.96 0.96 0.92 0.98 0.95 0.97 0.97 0.93 0.92 0.94 
Mn 0.03 0.04 0.02 0.03 0.03 0.03 0.04 0.02 0.02 0.03 0.05 0.04 0.03 0.02 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V 0.03 0.02 0.00 0.03 0.03 0.03 0.03 0.00 0.03 0.00 0.03 0.03 0.03 0.02 
AI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

X[LM 0.950 0.955 0.985 0.982 0.972 0.977 0.932 0.979 0.967 0.974 0.983 0.940 0.930 0.950 
XHEM 0.050 0.045 0.015 0.018 0.028 0.023 0.068 0.021 0.033 0.026 0.017 0.060 0.070 0.050 
Note: Hbl-gr. = hornblendegranite; HQF porphyry = hornblendequartz-fddspar porphyry 
amph = ilmenite inclusion in amphibole;biot = ilmenite inclusion in biotite;aggr. = ilmenite inclusion in amphiboleaggregate. 
FeOlot represent total iron. 
Fe2+ and Fe3+ in formula werecalculatedfrom stoichiometryand charg? balance. 
* recalculated afterFe2+ and Fe3+ in formula. 

* I L M = (VFe2+ T i ) / [ (0 .5 • Fe3*) + VFe2 + • Ti ]; X H E M = 1 - X I L M (Stormer 1983). 



Hybridization in the subvolcanic Jaala-litti complex... 99 

Appendix le . Electron microprobe analyses of alkali feldspars of the Jaala-litti complex. 

Hbl-gani te HQF porphyry Hybrid rock 

Sample 90561 91402 91501 90191 9049 IE 90191 90141 9049IE 
amph agg". matrix matrix matrix matrix amph agg-. matrix matrix 

grain lamell grain grain grain grain lamell lamell 
Number of analyses 3 6 2 3 1 3 6 4 

FeO lot (wt%) 93.20 92.84 84.70 92.13 84.02 93.09 90.38 89.11 
T i 0 2 2.87 1.43 8.02 3.00 5.48 2.80 3.23 4.19 
MnO 0.11 0.04 0.29 0.11 0.28 0.09 0.08 0.10 
MgO 0.00 0.01 0.00 0.00 0.03 0.01 0.01 0.04 
Cr 2 0 3 0.05 0.03 0.00 0.20 0.02 0.09 0.21 0.07 
v , o , 0.56 0.14 0.00 1.38 0.91 0.77 1.89 0.77 
AI,O3 0.38 0.26 0.75 0.35 0.74 0.35 0.32 0.45 
Total 97.17 94.75 93.76 97.17 91.48 97.20 96.12 94.73 
FeO* 34.80 32.80 38.01 34.90 35.00 34.75 34.76 35.09 
Fe 2 0 3 * 64.90 66.72 51.88 63.60 54.48 64.83 61.81 60.04 
Total 103.67 101.43 98.95 103.54 96.94 103.69 102.31 100.75 
Formula based on 4 oxygen atoms 
Fe"+ 1.08 1.04 1.22 1.08 1.15 1.08 1.09 1.12 
Fe3+ 1.80 1.91 1.51 1.77 1.62 1.80 1.74 1.72 
Ti 0.08 0.04 0.23 0.08 0.16 0.08 0.09 0.12 
Mn 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 
V 0.02 0.00 0.00 0.04 0.03 0.02 0.06 0.02 
AI 0.02 0.01 0.03 0.02 0.03 0.02 0.01 0.02 
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

XUSP 0.082 0.041 0.239 0.089 0.171 0.081 0.098 0.125 
XMAG 0.918 0.959 0.761 0.911 0.829 0.919 0.902 0.875 

Note: Hbl-granite= hornblende granite; HQF porphyry = hornblendequartz-fddspar porphyry 

amph agg-. = magnetite inclusion in amphiboleagg-egate. 

FeO101 represents total iron. 

Fe2+ and Fe3+ in formula werecalculatedfrom stoichiometryand charge balance. 

* recalculated af terFe 2 + and Fe + in formula. 

XUSP = {Ti[Fe2+/(Fe2++Mn+Mg)]}/{ {TifFe2 +/(Fe2 ++Mn+Mg)]}+{0.5-Fe , +[Fe3 +/(Fe3 ++Cr+V+Al)]}}, XMAG= 1 - XUSP (Stormer 1983). 
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Appendix lh . Electron microprobe analyses of pyroxenes of the Jaala-litti complex. 

MME Hybrid rock 

Sample 91053E 91053A 91053A 91053C 91053A 90141 90141 90141 90141 
enstatite pigeonite pigeonite augite augite ferrosilite pigeonite pigeonite augite 

phcr. phcr. (core) phcr. (rim) matrix matrix matrix matrix matrix ocelli 
Number of analyses 2 3 2 2 1 1 2 1 2 

SiO. (wt%) 51.31 50.02 50.01 48.38 50.72 49.11 51.74 48.57 51.58 
A120, 2.41 0.77 0.33 3.31 0.74 0.12 0.79 0.49 0.71 
TiÖ2 0.48 0.24 0.16 0.24 0.20 0.03 0.22 0.31 0.10 
FeO™ 19.24 28.60 32.24 26.57 18.15 40.61 31.41 35.64 26.18 
MnO 0.29 0.60 0.64 0.37 0.40 1.34 0.70 0.86 0.47 
MgO 22.46 12.01 11.09 6.85 8.34 4.31 9.18 5.96 7.50 
CaO 2.26 7.16 5.11 11.50 19.91 1.13 3.57 5.25 11.06 
N a , 0 0.10 0.17 0.00 0.63 0.13 0.08 0.19 0.14 0.25 
K2Ö 0.00 0.01 0.01 0.19 0.07 0.00 0.08 0.02 0.13 
Cr 2 0 , 0.08 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
NiO 0.02 0.04 0.03 0.01 0.00 0.03 0.00 0.02 0.02 
ZnO 0.02 0.05 0.08 0.05 0.05 0.14 0.11 0.18 0.07 
Total 98.67 99.67 99.70 98.11 98.71 96.90 98.00 97.44 98.07 
FeO* 18.01 27.86 32.24 26.54 18.15 40.61 31.41 35.64 26.18 
Fe ,0 ,* 1.37 0.82 0.00 0.03 0.00 0.00 0.00 0.00 0.00 
Total 98.81 99.75 99.70 98.11 98.71 96.90 98.00 97.44 98.07 
Formulabased on 6 oxygpn atoms 
Si 1.92 1.97 1.99 1.95 1.99 2.08 2.07 2.03 2.06 
Al 0.11 0.04 0.02 0.16 0.03 0.01 0.04 0.02 0.03 
Ti 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 
Fe2+ 0.56 0.92 1.08 0.89 0.60 1.44 1.05 1.24 0.87 
Fe3* 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.02 0.02 0.01 0.01 0.05 0.02 0.03 0.02 
Mg 1.25 0.71 0.66 0.41 0.49 0.27 0.55 0.37 0.45 
Ca 0.09 0.30 0.22 0.50 0.84 0.05 0.15 0.23 0.47 
Na 0.01 0.01 0.00 0.05 0.01 0.01 0.01 0.01 0.02 
K 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Total 4.00 4.00 3.99 3.99 3.98 3.91 3.90 3.95 3.93 

Fe/(Fe+Mg) 0.31 0.57 0.62 0.69 0.55 0.84 0.66 0.77 0.66 
Xwo 0.046 0.153 0.110 0.273 0.433 0.028 0.086 0.125 0.262 
Ên 0.641 0.358 0.334 0.227 0.252 0.150 0.309 0.197 0.247 

xFs 0.313 0.489 0.555 0.500 0.315 0.821 0.605 0.678 0.492 

Note: phcr. = phenocryst. 
FeO101 represents total iron. 

Fe2+ and Fe3+ in formula werecalculated from stoichiometryand charg? balance. 
* recalculated after Fe2+ and Fe3+ in formula. 

Xwo = CaACa+Mg+DFe), XEn = Mg/(Mg+Ca+IFe), and Xps = IFe/(ZFe+Ca+Mg); I F e = Fe2++Fe3++Mn (Morimoto 1988). 
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Appendix le. Electron microprobe analyses of alkali feldspars of the Jaala-litti complex. 

Hbl-qz-fsp porphyry Hybridrock 
Sample 90542 90302 90141 
Number of analyses 2 4 4 

SiO. 30.36 30.21 30.31 
A120, 0.43 0.01 0.01 
T i ä 0.01 0.01 0.04 
FeO™ 64.87 66.72 65.36 
MnO 1.31 1.58 2.01 
MgO 1.69 1.70 1.74 
CaO 0.10 0.05 0.05 
Cr,0|, 0.00 0.00 0.01 
N i b 0.04 0.01 0.02 
ZnO 0.10 0.11 0.11 
Total 99.07 100.44 99.76 
FeO* 62.09 66.24 64.86 
Fe203* 3.08 0.53 0.57 
Total 99.37 100.49 99.83 
Formulabasedon 4 oxygen atoms 
Si 1.01 1.00 1.01 
Al 0.02 0.00 0.00 
Ti 0.00 0.00 0.00 
Fe2+ 1.72 1.84 1.81 
Fe3+ 0.08 0.01 0.01 
Mn 0.04 0.04 0.06 
Mg 0.08 0.08 0.09 
Ca 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 
Total 2.95 2.97 2.99 

Xpo 0.043 0.042 0.044 
xFa 0.957 0.958 0.956 

Note: FeOto1 represents total iron. 
Fe2+ and Fe3+ in formula werecalculatedfrom stoichiometryand charg? balance 
* recalculated after Fe2+ and Fe3+ in formula. 
XFo = Mg/(Mg+Fe2++Fe3++Mn), XFa = 1 - Xp0. 
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Appendix 2a. Chemical composition of hornblende granites, hornblende-quartz-feldspar porphyries, and a 
rapakivi granite xenolith in the Jaala-litti complex. 

Hornblende granite Hbl-qz-fsp porphyry Rpk gr 

Sample 90591 91381 90361 90461 90561 91101 90451 90291 91052A 90161 91402 90542 91302 HQFP 9014X 

S i O (wt%) 66.70 66.80 67.10 66.40 66.80 66.80 66.90 67.10 67.80 67.90 68.20 67.60 69.30 68.37 68.00 
TiO, 0.80 l.OO 0.85 0.83 0.82 0.81 0.81 0.80 0.66 0.69 0.72 0.75 0.65 0.70 0.50 
A1,Ö, 13.30 12.60 13.20 12.70 13.20 12.90 13.00 13.40 13.30 13.20 13.40 13.40 13.40 13.40 14.30 
F e , 0 , 2.28 2.21 2.65 1.58 1.88 2.06 1.94 1.92 1.43 1.75 1.73 1.87 1.33 1.64 1.33 
F e b 4.20 4.40 3.80 4.50 4.70 4.60 4.40 4.60 3.70 4.10 3.80 4.40 3.90 4.03 3.10 
MnO 0.09 0.09 0.09 0.10 0.09 0.10 0.10 0.09 0.08 0.08 0.07 0.09 0.09 0.08 0.70 
MgO 0.69 0.78 0.79 0.72 0.72 0.50 0.71 0.65 0.57 0.67 0.52 0.57 0.45 0.51 0.43 
CaO 2.25 2.71 2.07 2.12 2.32 2.50 2.55 2.41 2.42 2.19 2.50 2.57 2.27 2.45 2.09 
N a , 0 3.07 2.64 3.08 2.94 3.09 2.79 2.89 3.08 3.07 3.13 3.04 3.14 3.00 3.06 2.89 
K , 0 4.95 4.77 5.06 4.98 4.84 4.86 4.83 5.03 4.82 4.78 4.83 4.95 4.95 4.91 6.07 
p 2 o , 0.19 0.29 0.22 0.21 0.19 0.21 0.23 0.19 0.17 0.18 0.20 0.18 0.17 0.18 0.12 
H , 0 + 0.70 0.70 0.90 0.80 0.80 0.80 0.70 0.70 0.50 0.70 0.40 0.40 0.30 0.37 0.50 
L.O.I. 0.77 0.50 0.85 0.85 0.77 0.54 0.70 0.77 0.25 0.70 0.23 0.31 0.08 0.21 0.70 
Total 100.00 99.40 100.40 98.70 100.20 99.40 99.80 100.80 98.80 100.00 99.90 100.60 100.20 100.23 100.30 
Trace elements in ppm 
F 1200 2100 1190 1700 1500 1500 1400 1300 1300 1600 1600 1400 1500 1500 480 
Cl 303 499 336 354 298 356 31S 339 491 402 373 292 366 344 300 
Ba 1160 885 1070 1090 1210 1190 1190 1110 993 785 1210 1230 1170 1203 1740 
Zr 494 438 424 444 534 532 479 483 466 371 493 492 483 489 568 
Rb 216 235 199 204 182 202 196 211 200 250 193 195 216 201 179 
Sr 166 158 106 102 176 146 154 173 166 138 157 182 146 162 241 
Zn 112 118 75.1 107 108 130 117 102 114 108 177 125 103 135 1 10 
V 37 31 23 22 36 14 16 32 18 20 12 39 13 21 22 
Y 67 71 43 39 70 82 82 69 53 83 86 60 53 66 43 
Nb 24 27 25 21 29 22 22 33 22 35 20 34 20 25 33 
Ga 25.4 28 28 29 26.5 26.1 22.5 27 26 25.9 23.3 24.8 24.3 24.1 26.3 
Cr 8 9 11 8 13 <2 15 6 11 9 16 14 23 18 8 
Sc 10.2 12.6 9.46 8.99 10.5 12.9 12.6 9.81 9.47 9.94 10.9 9.24 9.28 9.8 7.59 
Ni 3 <1 <1 <1 2 2 2 2 <1 2 4 2 <1 3 1 
Th 23 29 18 19 20 20 20 16 19 25 17 17 21 18 8 
U 7.1 5.4 5.2 6.2 6.9 6.5 5 3.5 6 6.6 6.5 5.4 7.4 6.4 1.5 
Ta 2 1.7 <1 <1 I 2 2 1 1.5 1 2 <1 1 1.5 1 
La 81.5 124.0 81.4 93.1 88.5 76.2 73.2 83.2 79.7 76.4 75.7 78.3 71.7 75.2 77.6 
Ce 165 233 167 188 177 151 145 170 153 166 145 161 140 149 165 
Pr 17.8 29.8 18.6 20.9 19.5 19.2 16.7 18.2 19.9 17.4 17.5 17.3 16.7 17.2 19.5 
Nd 79.9 111 74.1 84.3 92.6 75.5 65.9 75.1 77.6 72.6 70.9 76.4 65.3 70.9 81.2 
Sm 14.5 18.9 15.3 16.6 15.5 13.9 12.1 13.6 13.5 13.3 13.1 13.3 12.2 12.9 14.1 
Eu 2.22 2.51 2.34 2.38 2.11 2.27 2.04 2.17 2.38 1.78 2.17 2.30 1.93 2.13 2.96 
Gd 11.4 17 14.1 15 11.8 12.8 11.4 11.5 12.8 10.8 12 10.9 10.9 11.3 11.6 
Tb 1.7 2.7 1.9 2 1.9 1.9 1.8 1.8 1.9 1.7 1.8 1.7 1.6 1.7 1.7 
Dy 10.8 14.2 11.2 12.1 11.9 10.4 9.6 10.6 10.6 9.8 9.8 10.6 8.8 9.7 9.6 
Ho 2.13 2.81 2.04 2.21 2.34 2.09 1.89 2.11 2.09 1.97 2.07 2.16 1.79 2.01 1.79 
Er 6.3 8.3 5.9 6.5 6.6 6.6 5.7 6.1 6.1 5.9 6.4 5.9 5.5 5.9 4.6 
Tm 0.9 1.2 0.7 0.8 0.9 0.9 0.9 0.8 0.9 0.8 0.8 0.8 0.8 0.8 0.6 
Yb 5.8 7.9 5.4 5.8 6.2 5.9 5.3 5.6 5.7 5.6 5.4 5.6 4.8 5.3 3.7 
Lu 0.84 1.24 0.88 0.88 0.88 0.88 0.86 0.78 0.89 0.76 0.90 0.83 0.76 0.83 0.53 
C.I.P.W. norms 
Q 26.90 23.72 24.36 24.44 23.45 25.57 24.86 23.07 25.71 25.34 25.84 23.45 26.61 25.30 21.67 
Zr 0.09 0.10 0.09 0.09 0.11 0.11 0.10 0.10 0.10 0.08 0.10 0.10 0.10 0.10 0.11 
Or 28.77 29.78 30.31 30.40 29.07 29.35 29.10 30.03 29.14 28.73 28.91 29.47 29.48 29.29 36.11 
Ab 21.22 25.46 25.34 24.55 25.61 22.98 23.90 25.24 25.02 25.63 24.86 25.83 24.42 25.04 23.67 
An 9.40 8.53 7.89 7.55 8.48 9.08 8.91 8.51 9.26 8.61 9.37 8.38 9.14 8.96 8.71 
HI 0.08 0.05 0.06 0.06 0.05 0.06 0.05 0.06 0.08 0.07 0.06 0.05 0.06 0.06 0.05 
Di 1.53 1.24 0.78 1.28 1.47 1.67 1.93 1.84 1.42 0.69 1.34 2.66 0.70 1.57 1.14 
Hy 6.05 5.87 5.19 7.15 7.04 6.12 6.24 6.44 5.49 6.50 5.16 5.56 5.96 5.56 5.55 
Ml 3.26 3.36 3.88 2.36 2.76 3.04 2.86 2.80 2.12 2.57 2.53 2.72 1.94 2.40 1.94 
II 1.93 1.54 1.63 1.61 1.58 1.57 1.56 1.53 1.27 1.33 1.38 1.43 1.23 1.35 0.95 
Ap 0.71 0.47 0.54 0.52 0.47 0.52 0.56 0.46 0.42 0.44 0.49 0.44 0.41 0.45 0.30 
Fl 0.78 0.44 0.42 0.66 0.57 0.56 0.51 0.48 0.49 0.61 0.61 0.53 0.57 0.57 0.16 

M g r 18.80 20.39 21.14 20.32 19.11 13.98 19.50 17.72 19.34 19.85 16.91 16.42 15.62 16.32 17.33 
NK/A1" 0.78 0.75 0.80 0.81 0.78 0.76 0.77 0.78 0.77 0.78 0.76 0.79 0.77 0.77 0.79 
A/CNKL) 0.92 0.87 0.92 0.90 0.91 0.90 0.89 0.90 0.91 0.92 0.91 0.88 0.93 0.91 0.95 
Ga/Aldl 3.61 4.20 4.01 4.31 3.79 3.82 3.27 3.81 3.69 3.71 3.29 3.50 3.43 3.40 3.48 
R,E> 2000 2193 1998 2028 2021 2121 2108 2002 2143 2117 2166 2041 2234 2147 1951 
R2° 536 576 520 512 543 545 563 553 548 526 556 566 528 550 525 
ANOR/O81 0.92 0.94 0.85 0.81 0.96 0.92 0.94 0.96 0.94 0.91 0.95 0.94 0.89 0.93 0.90 
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Appendix 2b. Chemical composition of MMEs and pillow-like MMEs in the Jaala-litti complex. 

MME Pillow-like MME 

Sample 90042A 91053A 91053B 91382 91053C 9I053E 91053F MME" 91022D 90032 90042B 90042C 

SiO, (wt%) 50.30 50.80 51.20 55.10 56.90 51.80 59.20 50.77 55.70 55.70 57.30 61.40 
TiO: 2.95 2.74 2.72 2.38 1.87 2.57 1.74 2.80 2.15 2.02 1.89 1.33 
AI2O3 13.20 13.60 13.80 12.00 15.20 13.80 13.90 13.53 14.00 13.50 14.00 13.90 
F e : 0 , 3.20 2.53 2.53 2.74 2.33 1.99 1.64 2.75 2.26 2.33 1.94 1.49 
F e b 10.80 11.40 11.40 10.40 7.80 10.90 7.70 11.20 9.30 8.70 8.60 6.70 
MnO 0.22 0.20 0.20 0.18 0.14 0.18 0.14 0.21 0.17 0.17 0.16 0.12 
MgO 3.75 3.85 3.92 1.98 1.98 3.38 2.28 3.84 2.69 2.90 2.58 1.53 
CaO 6.67 7.81 7.68 5.99 6.50 6.99 4.82 7.39 5.87 5.34 5.47 4.14 
N a , 0 3.04 2.79 2.77 2.41 2.84 2.82 3.01 2.87 2.96 2.89 3.07 3.18 
KiO 2.03 1.83 1.94 3.81 3.07 2.52 3.72 1.93 2.67 3.31 2.92 3.85 
P 2 0 5 0.66 0.64 0.63 0.72 0.50 0.60 0.45 0.64 0.52 0.47 0.39 0.29 
H , 0 + 1.30 0.90 0.90 0.70 0.60 0.80 1.20 1.03 1.00 1.60 1.00 0.60 
L.O.I. 1.08 0.30 0.25 0.31 0.35 0.20 0.90 0.54 0.54 1.10 1.00 0.54 
Total 99.20 99.90 100.40 99.30 100.50 99.10 100.60 99.83 100.00 99.50 100.50 99.40 
Traceelements in ppm 
F 3000 2300 2500 8000 1100 2660 1450 2600 1400 1800 1100 1100 
Cl 325 199 210 380 278 142 395 245 890 324 333 252 
Ba 610 571 602 829 761 639 1080 594 759 759 910 1020 
Zr 277 253 246 354 320 237 268 259 340 335 331 348 
Rb 123 62 60 210 127 77 117 82 111 135 102 125 
Sr 251 332 325 164 304 254 227 303 273 246 264 246 
Zn 168 185 171 193 138 139 131 175 169 187 147 127 
V 234 240 233 202 115 233 120 236 157 146 166 97 
Y 52 46 43 73 44 39 37 47 48 44 66 49 
Nb 16 19 15 23 17 17 15 17 18 17 19 25 
Oa 31.1 25 25 29.5 25 26 24 27.0 25.2 24 27 25.6 
Cr 41 41 49 9 19 43 27 44 30 38 32 25 
Sc 30.4 30.8 29.6 27.1 20 26.8 18.9 30.3 24 21.9 18.6 14.4 
Ni 17 20 19 3 4 16 9 19 15 12 13 7 
Th 4.8 4.3 4.6 14 8.3 4.7 7.3 5 8.1 9.3 8.6 12 
U 3.1 1.3 1.5 4 2.7 1.4 2.3 2.0 3.1 3 2.7 3.7 
Ta 1 0.6 0.6 1 1 <1 <1 0.7 1 0.9 1 1 

La 41.0 50.5 47.1 97.3 56.8 41.9 46.5 46.2 46.8 53.3 48.2 61.5 
Ce 84 101 93 195 110 89 98 93 94 104 104 130 
Pr 10.9 13.9 12.7 23.2 14.9 10.6 11.7 12.5 11.9 14.2 10.1 13.7 
Nd 46.7 57.7 54.1 90.1 62.3 46.8 50.1 52.8 49.3 58.5 49.3 51.3 
Sm 9.4 11.1 10.3 17 11.5 10.2 10.7 10.3 9.9 10.6 9.8 10.3 
Eu 2.37 2.91 2.80 2.53 2.77 2.50 2.49 2.69 2.29 2.59 2.16 1.92 
Gd 9.6 10.9 10.5 15.6 11.1 9.5 9.4 10.3 9.8 10.5 9.5 9.3 
Tb 1.4 1.7 1.6 2.3 1.7 1.4 1.4 1.6 1.4 1.6 1.5 1.3 
Dy 7.7 9.3 8.5 12.2 9 8 8 8.5 7.8 8.7 7.8 7.3 
Ho 1.59 1.81 1.73 2.41 1.78 1.53 1.48 1.71 1.53 1.73 1.48 1.47 
Er 4.9 5.2 4.8 7.9 5 4.4 4.2 5.0 4.7 5 4.9 4.7 
Tm 0.7 0.7 0.7 1.1 0.7 0.6 0.5 0.7 0.7 0.7 0.7 0.6 
Yb 4.1 4.7 4.4 6.5 4.8 3.9 3.8 4.4 4 4.6 4 3.8 
Lu 0.62 0.77 0.73 1.06 0.74 0.65 0.58 0.71 0.65 0.72 0.59 0.60 
C.I.P.W, norms 
Q 4.54 4.01 4.06 11.34 11.33 4.15 12.83 4.20 11.24 9.60 11.23 15.78 
Zr 0.06 0.05 0.05 0.07 0.06 0.05 0.05 0.05 0.07 0.07 0.07 0.07 
Or 12.44 11.04 11.63 23.13 18.35 15.30 22.34 11.70 16.10 20.15 17.59 23.28 
Ab 25.57 23.44 23.09 19.72 23.41 24.03 24.64 24.03 22.80 24.14 25.42 26.71 
An 17.45 19.88 20.09 11.53 20.30 18.25 14.29 19.14 18.77 15.02 16.63 12.98 
Hl 0.06 0.03 0.04 0.06 0.05 0.02 0.07 0.04 0.15 0.05 0.06 0.04 
Di 9.59 12.50 11.56 9.26 7.65 10.64 5.86 11.22 6.21 7.36 7.12 5.17 
Hy 18.01 18.46 18.99 13.88 10.77 18.11 13.13 18.49 15.88 15.07 14.52 10.56 
Mt 4.79 3.74 3.71 4.07 3.41 2.95 2.42 4.08 3.33 3.47 2.86 2.21 
Cm 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
II 5.79 5.30 5.23 4.63 3.58 5.00 3.35 5.44 4.15 3.94 3.65 2.58 
Ap 1.62 1.55 1.52 1.76 1.20 1.46 1.09 1.56 1.26 1.15 0.95 0.71 
Fl 1.03 0.73 0.81 3.12 0.27 0.90 0.44 0.57 0.39 0.59 0.32 0.36 

Mg#" 36.50 37.12 37.54 24.40 29.56 35.84 34.25 37.06 33.23 36.03 34.34 28.52 
Riel 1341 1515 1523 1505 1740 1441 1705 1460 1664 1558 1707 1802 
Ri" 1159 1293 1287 975 1092 1186 901 1246 1036 980 988 792 
ANOR/Q8 ' 12.86 16.03 15.60 2.93 4.64 13.11 3.04 14.76 4.79 4.45 4.33 2.27 
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Appendix 2c. Chemical composition of hybrid rocks in the Jaala-litti complex. 

Hybrid rock 
Sample 90141A 9014 IB 90501 90191 90041 91021 90491E 
S i O (wt%) 63.10 64.00 65.00 65.50 66.30 65.80 68.10 
TiO, 1.17 1.17 1.17 1.17 0.88 1.08 0.87 
Al263 13.80 13.70 13.20 13.00 13.40 12.80 13.10 
Fe203 1.42 1.38 1.76 2.07 1.93 2.07 1.53 
FeO 5.90 6.00 5.40 5.10 4.40 5.80 4.50 
MnO 0.12 0.11 0.10 0.10 0.10 0.11 0.08 
MgO 1.30 1.42 1.13 1.16 0.74 1.09 0.80 
CaO 3.78 3.52 3.15 3.29 2.54 2.92 2.68 
Na,O 3.15 3.06 2.93 2.88 3.03 2.56 2.76 
K,Ö 4.19 4.14 4.63 4.42 4.78 4.17 4.81 
p2o5 0.25 0.26 0.27 0.26 0.24 0.29 0.22 
H2O+ 0.60 0.90 0.50 0.50 1.00 1.10 0.50 
L.O.I. 0.62 0.77 0.70 0.85 0.80 0.77 0.07 
Total 99.70 100.40 100.30 100.60 99.90 100.30 100.10 
Trace elements in ppm 
F 1200 1300 1400 1600 1130 830 2100 
Cl 386 393 457 275 325 510 381 
Ba 990 995 1050 982 1210 1010 1000 
Zr 373 362 415 365 401 513 400 
Rb 158 164 176 175 176 163 219 
Sr 219 199 196 190 126 163 167 
Zn 118 138 103 136 109 119 106 
V 89 88 88 82 29 36 51 
Y 60 67 65 72 34 57 78 
Nb 27 23 27 21 24 23 38 
Ga 29 27.6 25.7 27 28 24.6 26.5 
Cr 15 18 11 13 16 21 17 
Sc 12.3 12.9 11.9 12.5 9.61 14.6 9.79 
Ni 7 7 3 5 2 4 2 
Th 14 14 17 17 16 15 25 
U 4.2 4.3 3.5 4.7 4.2 4.7 5.2 
Ta I 1 1 2 <1 1 1 
La 68.6 71.5 73.2 82.1 71.6 59.0 105.0 
Ce 139 146 158 167 151 125 211 
Pr 14.6 15.5 17 17.8 17.2 15.2 22.2 
Nd 66 68.3 71.4 74.7 69.1 62.6 85.6 
Sm 12.1 12.3 12.6 13.6 14.6 12 15 
Eu 2.25 2.36 2.07 2.12 2.64 2.00 2.05 
Gd 10.9 10.9 10.5 11.1 13.1 11.2 12.1 
Tb 1.7 1.6 1.6 1.7 1.8 1.8 1.9 
Dy 9.5 9.5 9.9 10.2 10.7 9.5 11.5 
Ho 1.84 1.79 1.85 1.90 1.91 2.00 2.27 
Er 5 5.3 5.6 5.4 5.6 5.8 6.6 
Tm 0.7 0.7 0.7 0.8 0.7 0.8 0.9 
Yb 4.8 4.8 5.1 5.4 5.2 5.3 6 
Lu 0.69 0.74 0.72 0.79 0.81 0.81 0.89 
C.I.P.W. norms 
0 18.04 19.55 21.55 22.93 23.51 25.98 26.16 
Zr 0.08 0.07 0.08 0.07 0.08 0.10 0.08 
Or 25.29 24.84 27.78 26.47 28.80 25.04 28.67 
Ab 25.98 25.04 23.74 23.80 25.09 20.42 22.35 
An 11.99 12.22 10.06 10.05 9.55 12.12 9.83 
Hl 0.06 0.07 0.08 0.05 0.05 0.09 0.06 
Di 4.58 3.08 3.25 3.77 1.40 0.64 1.32 
Hy 9.08 10.28 8.01 6.99 6.46 9.89 7.08 
Mt 2.10 2.03 2.58 3.03 2.85 3.04 2.23 
II 2.26 2.25 2.25 2.25 1.71 2.08 1.66 
Ap 0.61 0.63 0.66 0.63 0.59 0.71 0.53 
Fl 0.42 0.45 0.49 0.58 0.39 0.24 0.80 

Mg#" 27.53 29.14 25.34 25.89 20.18 22.98 22.21 
Riel 

R2O 
1875 1976 1982 2083 2029 2257 2245 Riel 

R2O 740 716 652 665 571 618 583 
ANOR/Q81 1.78 1.69 1.23 1.20 1.06 1.26 0.98 

Note: Rpk gr = rapakivi granite xenolith in hybrid roc 
HQFP = average of samples 91402, 90542, and 91302 

felsic end-member 

MMEP = average of samples90042A,9l053A,and 
91053B, mafic end-manber 

" Mg number, molecularl 00 Mg/(Mg + 0.85-Fe"*) 
b' molecular (Na,0 + K20)/A1203 

" molecular AKtyfCaO + Na>0 + K20) 
*> 10000Ga/Al 
e) 4-Si - 11 -(Na + K)- 2-fFe+Ti); oxides converted to 

millications 
fl 6-Ca + 2-Mg + Ahoxides converted to millications 
g) normative [ 100- An/( An+(»]/Q 
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