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METAMORPHIC ZONES AND THE EVOLUTION OF GRANULITE 
GRADE METAMORPHISM IN THE EARLY PROTEROZOIC PIELAVESI 

AREA, CENTRAL FINLAND 

by 

PENTTI HÖLTTÄ 

INTRODUCTION 

The rocks of the Pielavesi area belong to the 
Svecofennidic orogenie belt of eastern Finland. 
The main features of metamorphism of this belt 
have been discussed by Korsman et al. (1984), 
who concluded that the Svecofennidic orogeny 
can be divided into at least three stages. At the 
margin of the Archaean craton strong contact 
metamorphism was associated with the emplace­
ment of the 1890 Ma old granitoids. Some gneiss­
ose granitoids have yielded an even older age, 
1930-1920 Ma, suggesting an earlier crust­
forming process. The metamorphism in the mig­
matite zone of southern Finland is characterized 
by relatively late culmination, 1840-1810 Ma 
ago. 

The metamorphism of the craton margin (Pie­
lavesi area) differs from that of the migmatite 
zone of southern Finland in both type and time. 

In the granulite areas of southern Finland, 
metamorphism reached culmination at low pres­
sures, c. 3-6 kb, (Korsman et al., 1984; Schreurs 
and Westra, 1986; Hölttä, 1986), the metamor­
phie grade increasing progressively towards the 
granulite areas (Korsman, 1977). The granulites 
at the margin of the craton are bounded by faults, 
and the peak of metamorphism was reached earli­
er and at press ures higher than in the granulites 
of southern Finland, the last thermal pulse be­
ing due to the 1890 Ma old mangerite intrusions. 

The present work seeks to establish the meta­
morphic zones of the Pielavesi area, (Fig. 1), to 
study their PT conditions with thermobarome­
ters, and to delineate the PT evolution with the 
aid of metamorphie reactions and mineral com­
positions, the emphasis being on the granulite 
block. 

MET AMORPHIC ZONES AND GEOLOGICAL SETTING OF THE AREA 

The study area (Fig. 1) covers the I : 100000 
map sheets of Pielavesi, Kiuruvesi, Pyhäsalmi 
and Pihtipudas. The results of geological map-

ping have been published for the map sheets of 
Pihtipudas, Pielavesi (Salli, 1969, 1977, 1983) and 
Kiuruvesi (Marttila, 1977, 1981). 
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CJ Porphyritic/even-grained granite c::J Supracrustal rocks / Isograd and porphyritic granodiorite 
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Fig. I. Metamorphic map of the Pielavesi area. Geological base map simplified from the map of Kuosmanen (1988). Some 
of the faults on the map are based on fjeld observations, and some on the interpretation of geophysical data by Kuosmanen 
(op. eit.) . The metamorphic blocks are: I Vieremä, II Lampaanjärvi, III Pielavesi, IV Osmanki, V Korppinen and VI Pihtipudas 

(see text) . 

The area of the present study is divided into 
six metamorphic blocks on the basis of metamor­
phic grade. From the margin of the craton west­
wards they are: I Vieremä, 11 Lampaanjärvi, 111 
Pielavesi, IV Osmanki, V Korppinen and VI 
Pihtipudas (Fig. 1). The blocks also differ from 

each other in lithology and are separated by 
strike-slip faults; it is for this reason that the term 
metamorphic block is used. The cIassification of 
the blocks is based on the appearance or disap­
pearance of certain index minerals in per­
aluminous supracrustal rocks. This often coincides 
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Fig. 2. Location of the sam pies with analytical data given in Tables 3-17. 

with block boundaries, but the Lampaanjärvi 
block also exhibits metamorphic zoning due to 
the emplacement of mangerite (coarse-grained 
hypersthene monzonite) intrusions. Table I 
shows characteristic mineral assemblages in the 
blocks. Intense retrograde hydration reactions are 
typical of the whole margin of the craton, and 
Table 2 lists so me of the retrograde reactions ob­
served in the blocks. The abbreviations used in 
the tables and in the text are according to Kretz 
(1983). 

The blocks of Vieremä, Lampaanjärvi and 
Pihtipudas constitute clearly distinct units in 
terms of lithology, whereas the blocks of Piela­
vesi, Osmanki and Korppinen have several fea­
tures in common. The Vieremä block is com­
posed predominantly of mature and immature 
sedimentary rocks: conglomerates, quartz sand­
stones, quartzites, quartz wackes and grey­
wackes. The sedimentary rocks in the Lampaan­
järvi block are mainly aluminous turbiditic meta­
pelites whose primary structures have largely 
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been destroyed by metamorphism and deforma­
tion but wh ich in places show features sugges­
tive of graded bedding and load cast structures . 
The volcanics of the Lampaanjärvi block consti­
tute aseries from felsic to mafic rocks. The fea­
tures that the Pielavesi, Osmanki and Korppinen 
blocks have in common are garnet-cordierite­
orthopyroxene/ orthoamphibole rocks which 
were originally hydrothermally altered (Fe-Mg­
rich, alkali-deficient) volcanics, predominantly 
bimodal volcanism, limestones and massive Cu­
Zn ores (Huhtala, 1979); the latter have not been 
encountered in the other zones. In the Osmanki 
and Korppinen blocks the mica gneisses are 
potassium feldspar-deficient, often migmatitic 
rocks. Gneissose granitoids are very common . 
The mica gneis ses in the granulite zone are ne­
bulitic migmatites. On the borders of the Piela­
vesi zone there are several mangerite intrusions 
of the 1890 Ma age group (Salli 1983). Within 
the block there are norites , gabbros and diabases 
of the same age (Marttila 1981); most of the plu-

tonic rocks are, however, pyroxene-bearing in­
trusives that show textural lineation and vary 
from tonalite to diorite in composition. The 
Pihtipudas block is mainly composed of felsic, 
intermediate and mafic plutonics and volcanics 
that are richer in potassium than those in the 
Korppinen area. Pelitic rocks are rare at Pihti­
pudas. 

The metamorphic structure of the area is relat­
ed to tectonic evolution. Pajunen (1986) studied 
deformation in the Tervo area, south of Piela­
vesi, and came to the conc1usion that regional 
metamorphism was associated with the early Da 
deformation phase. The Da structures are cut by 
a strong fault deformation, Db• The area also 
exhibits strong N-S striking faulting, which Paju­
nen (op. cit.) termed Dd . 

According to Ward (1988), the trend of the 
early deformation phases (I and 2) in the Piela­
vesi area coincides with the lithologicallayering. 
At a later stage (phases 3, 4 and 5), the earlier 
structures became reoriented. The third deforma-

Table I . Characteristic mineral assemblages of the peraluminous rocks in the metamorphic blocks of the P ielavesi area. 

Block I, 
Vieremä 

st-bt -ms-qtz ± sil 
grt -bt-ms-pl-qtz 

Block V, 
Korppinen 

bt-grt-pl-qtz 
bt-sil-pl-qtz ± grt 
bt-ged-pl-qtz ± grt 
bt-crd-pl-qtz 
bt -ms-pl-qtz 
bt-pl-kfs-qtz 
bt -crd-grt -sil-k fs-qtz-hc 
bt -crd-grt -SI -sil-hc-pl-q tz 

Block 11 , 
Lampaanj ärv i 

bt-ms-pl-qtz ± sil ± grt 
crd -bt-sil -p l-qtz 
bt-si l-kfs-pl-qtz 
bt -sil-crd-k fs-pl -qtz 
bt -sil-crd-grt -k f s-pl-q tz 
crd-hc-sil-q tz 
grt -opx-p l-qtz 

Block VI , 
Pihtipudas 

bt-ms-a nd-pl -qtz ± grt 
bt-ms-crd-pl-qtz 
bt-ms-grt-pl -qtz ± tur 
bt-grt-st-pl-qtz ± ms 
bt-st-and-qtz ± ms 

Block 111 , 
Pielavesi 

bt-grt-pl-qtz ± cum 
bt-opx-kfs-pl-qtz 
bt-grt-kfs-pl-q tz ± hc 
bt-c rd-grt -k fs-pl-qtz 
crd-grt -sil-kfs-pl-gtz ± bt ± hc 
crd-grt -opx-bt-pl-qtz 

opx-pl-qtz ± grt 
opx-crd-qtz ± grt ± ged 
opx-grt-qtz 
grt-pl-qtz 

Block IV, 
Osma nki 

bt-crd-grt-sil -pl-qtz 
bt-crd-s il -qtz 
bt-grt -cum-pl -qtz 
bt-grt-pl-qtz ± sil 
bt-crd-grt-qtz ± ged 
bt-opx-p l-qtz 

ged-grt -qtz ± pi 
grt-opx-pl-qtz 
grt-pl-qtz 
crd-grt-
ged-qtz ± pi ± bt 
crd-ged-qtz ± pi ± bt 

grt-cum-pl-qtz 
opx-crd-qtz 
ged-pl-qtz 
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Table 2. Reactions in peraluminous rocks after the temperature max imum. 

Block I, 
Vieremä 

st + bt + V = ms + chi 

Block 11, 
Lampaanjärvi 

kfs + sil + V = ms + qtz 
sil + qtz+ V + K + =ms 
crd + kfs + V = bt + and /s il + qtz 
grt + qtz+ V + K + = bt + ms 

Block 111 , 
Pielavesi 

opx + pi = grt + qtz 
opx + crd = grt + qtz 
opx+ ts= grt 
hc + qtz = crd 

Block IV , 
Osma nki 

crd + kfs + V = bt + 

grt + kfs + V = bt + ms + and/ sil + qtz grt = crd + sil + qtz 

sil + qtz 
grt + gtz+ V = ged + erd 
opx+ qtz+ V =ath 
opx+ qtz+ V =cum 
ged + V = chi + q tz 

Block V, 
Korppinen 

grt + bt + V = chi + ms + qtz 
crd + bt + V =chl + ms+ qtz 
crd + sil + V = st + qtz 
crd + kfs + V = bt + ms + qtz 

Block VI , 
P ihtipudas 

and + bt + V = chi + ms 
and+ qtz+ V + K2 = ms 

tion phase, which corresponds to the Ob of 
Pajunen, is seen as ductile and brittle faulting 
trending northeast and northwest. Associated 
with it, the porphyritic granites and mangerites 
were emplaced. Rigid north-south trending fault­
ing uplifted the eastern part of the area in rela­
tion to the western one. 

According to deep-seismic sounding, SVEKA, 
(Luosto et al., 1984; Grad and Luosto, 1987) the 
crust has deep shears and tectonic disturbances 
that extend to the mantle. Korsman et al. (1984) 
demonstrated that they are visible on the erosion 
surface as faults at wh ich the metamorphic grade 
changes . The Kinturi shear line, which trends 

crd + kfs + V = bt + sil/and + qtz 
erd + sil + V = st + q tz 
opx + qtz + V = ath / cum 
opx + k fs / K + + V = bt + qtz 
crd = opx + sil + qtz + V 
pi = grt + sil + qtz 
pi + Fe-ox + qtz = grt 

northwest-southeast, and was attributed by Ward 
to 0 3 and by Pajunen to Ob' shows up in the 
SVEKA profile as a deep shear extending to 
Moho . Associated with it in the Pielavesi-Pih­
tipudas area there is a change in metamorphic 
grade on the erosion surface. According to Grad 
and Luosto (1987), the average crustal thickness 
in the Baltic Shield is about 45 km. In the cen­
tral part of the SVEKA profile (the Ladoga -
Bothnian Bay zone), the average crustal thick­
ness is 56 km, the maximum being 59 km. On 
the erosion surface the maximum thickening is 
approximately at blocks IH- V. 

Block I , Vieremä 

The metapelites of the Vieremä block have 
staurolite-bearing horizons with large staurolite 
porphyroblasts up to several centimetres long. In 
the north of the zone, fibrous sillimanite has been 
encountered, and in the south, there are mica 
schists that contain fine-grained garnets. Retro­
grade hydration reactions were fairly intense, 
altering the margins of the staurolite grains into 

chlorite and muscovite. In places alteration was 
total, resulting in the formation of euhedral pseu­
domorphs filled with chlorite and muscovite. At 
the same time, abundant chlorite crystallized in 
the matrix. The biotite around the staurolite 
grains was consumed in the course of the reac­
tion. 
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Block 11, Lampaanjärvi 

Staurolite is no longer encountered in the Lam­
paanjärvi block except as small relict inclusions 
in pseudomorphs filled with muscovite, silliman­
ite and biotite. Sillimanite occurs as both coarse 
and fibrous grains . Near the mangerite intrusions 
cordierite appears in the metapelites at the same 
time as some muscovite disappears (Fig. I). With 
a further increase in metamorphic grade, the as­
semblage bt-sil-crd-kfs-pl-qtz becomes equilibrat­
ed followed by the assemblage bt-sil-grt-crd-kfs­
pl-qtz. Melting started at the same time, result­
ing in the formation of granitic veins and por­
tions in metapelites that account for 10-15070 
of the volume of the rock. The mineralogical 
changes, from the appearance of cordierite to the 
equilibration of gamet and cordierite, took place 
within a zone 1-3 km wide. 

The mafic volcanics in the gamet-cordierite 
zone contain hypersthene in the vicinity of intru­
sions, in addition to which the cordierite in the 
metagreywackes often has spinel inclusions. 

The mangerite intrusions are surrounded by 
contact aureoles about lüO-200 m wide in which 
the rocks are in places migmatitic and the abun­
dan ces of gamet and potassium.feldspar increase 
while those of biotite and sillimanite decrease 
relative to those in the environment. 

In the contact aureoles large gamet grains, 
which are rich in quartz inclusions and more than 
1 cm in diameter, are surrounded by migmatiz­
ing granite (Fig. 3b). This is an indication of the 
dehydration melting of biotite, in which gamet, 
potassium felds par and melt (Thompson, 1982) 
were formed locally as a result of areaction be­
tween biotite, sillimanite and quartz. Assem­
blages of grt-opx-pl-qtz and opx-bt-kfs-qtz are 
in equilibrium right at the contact with the man­
gerites and in the metapelite xenoliths within the 
mangerites. 

The cordierite in the vicinity of the contact (less 
than 100 m) of the Vaaraslahti mangerite (Fig. 2) 
shows sector trilling. 

When the temperature rose as a result of the 

thermal effect of the mangerites the following 
reactions took place in the metapelites 
(I) ms + qtz = kfs + sil + HP (iso grad 

muscovite out, Fig. I) 
(2) bt + sil + qtz = crd + kfs + HP 

(isograd crd-kfs-bt-sil-qtz in, Fig . I) 
(3) bt + sil + qtz = grt + crd + kfs + HP 

(isograd grt-crd-kfs-bt-sil-qtz in, Fig. I) 
(4) crd = hc + qtz + Hp 
(5) crd = grt + sil + qtz + Hp 
(6) bt + sil + qtz = grt + kfs + H 20 
(7) bt + sil + qtz = grt + kfs + liquid 
(8) pI + opx = grt + qtz 
(9) bt + qtz = opx + kfs + HP 

Reaction 7 is visible in the 100-200 m wide 
contact aureole (Fig. 3b), reactions 8-9 were ob­
served in Vaaraslahti from metapelites in the in­
nermost aureole only a few metres from the con­
tact. Reaction (4) is problematic as spinel occurs 
only as inclusions in cordierite but never in con­
tact with quartz. It is possible that the reaction 
advanced later from right to left, resulting in the 
disappearance of quartz adjacent to hercynite. 

Retrograde metamorphism affected the whole 
block very strongly. Sillimanite and potassium 
feldspar were altered to muscovite, gamet tum­
ed to biotite and muscovite, and cordierite and 
gamet were often alte red to greenish biotite, sil­
limanite and andalusite. Cordierite grains filled 
with biotite, fibrous sillimanite, andalusite and 
quartz are typical features. Andalusite is fine­
grained and occurs either as symplectic inter­
growths with cordierite (cf. Korsman et a/., 1984) 

or together with biotite. The retrograde altera­
tion of cordierite to andalusite and biotite is al­
so visible in the contact aureoles of the man­
gerites; the reaction was thus postmagmatic. The 
alterations that produced muscovite and biotite 
as a result of decomposition of sillimanite and 
cordierite are common in the potassium-deficient 
rocks, too. This implies that either potassium 
felds par was totally consumed in the reactions or 
that the reactions took place with a potassium-
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Fig. 3. Metagreywacke of the Lampaanjärvi block (11), a) from outcrop 36 (Fig. 2) about 2 km from the nearest mangerite 
intrusion, and b) from outcrop 48 , about 30 m from the contact of the Vaaraslahti mangerite intrusion . 
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bearing fluid. The paragonite component is low dinates in appendix), suggesting that the retro­
in all the muscovites analysed (Table 3, location grade muscovitization of sillimanite, with 
of the sampies is shown in Fig. 2; map coor- plagiocIase as reactant, was of minor importance. 

Table 3. Muscovite analyses. Analysis 3 refers to muscovite altered from garnet. 

Code 2 3 4 5 6 7 
Block 11 11 V V VI VI 

Si02 46.07 46.72 46.47 46.08 46 . 10 45 .87 45 .89 
Ti02 0.34 0.40 0.09 0.44 0.29 0.31 0.56 
AI20 3 35 .71 35.22 34.52 34.24 33.86 34.28 34.31 
FeO 0.95 0.97 1.07 2.33 2.73 1.54 1.60 
MnO 0.01 0.03 0.00 0.00 0.01 0.03 0 .00 
MgO 0.42 0.61 0 .72 0 .56 0 .67 0.52 0.46 
CaO 0.00 0.02 0 .00 0 .01 0.00 0.00 0.03 
Nap 1.18 0.76 0.78 1.02 0.90 0 .97 0.98 
KP 8.81 9.16 9 .68 8.98 9.32 9. 15 8.66 
V20 3 0.05 0 .05 0 .02 0.03 0 .01 0.05 0.07 
CRP3 0.03 0.03 0 .00 0.00 0.01 0.03 0.03 
NiO 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

Total 93.56 93.96 93.36 93.69 93.91 92.77 92.58 

Number of cations based on 22 oxygens 

Si 6.1781 6.2394 6.2710 6.2225 6.235 7 6.2375 6.2353 
Ti 0.0346 0.0399 0.0086 0.0447 0.0292 0.0321 0 .0568 
AI 5.6432 5.5441 5.4901 5.4504 5.3979 5.4936 5.4939 
Fe 0.1068 0.1079 0.1206 0.2634 0 .3093 0 . 1752 0.181 7 
Mn 0.0009 0.0029 0.0006 0.0000 0 .0009 0.0035 0.0000 
Mg 0.0835 0. 1212 0. 1456 0.1133 0 . 1357 0 .1058 0.0934 
Ca 0.0001 0.0024 0.0000 0.0009 0.0007 0.0001 0.0039 
K 1.5065 1.5603 1.6663 1.5467 1.6081 1.5875 1.5018 
Na 0.3065 0. 1960 0.2038 0 .2666 0.2363 0 .2568 0.2577 
VP3 0.0054 0.0048 0.0025 0.0037 0.0012 0.0056 0.0075 
Cr20 3 0.0027 0.0035 0.0000 0.0000 0.0007 0.0034 0 .0033 
NiO 0.0000 0.0002 0.0000 0.0003 0.0015 0.0000 0.0000 

Block III , Pielavesi 

A more detailed description of the PT evolu­
tion of the Pielavesi block will be given later; the 
present section deals only with general features . 
The mica gneisses in the block are predominant­
Iy nebulitic migmatites without distinct neosome 
or palaeosome, although veined gneisses are also 
encountered . 

Most of the mica gneisses contain abundant 
biotite, as the excess of aluminium over alkalis 

and calcium is not great; sillimanite is rather rare, 
implying that the decomposition of biotite did 
not advance far. 

The garnet-cordierite-hypersthene rocks are 
coarse-grained, with abundant garnet and hyper­
sthene grains 1-2 cm in diameter. 

The dioritic-tonalitic rocks and the amphibo­
lites have the assemblage hbl-opx-pl-qtz ± 
cpx ± bt. 
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Block IV , Osmanki 

The zone of high metamorphic grade continues 
northwards into the Osmanki block from the Pie­
lavesi block as transitional granulites, with the 
difference that the two-pyroxene assemblages dis­
appear from the tonalitic-dioritic rocks, and the 
grt-crd-opx assemblage is replaced by the grt-crd­
oam assemblage in the rocks of corresponding 
composition. Orthopyroxene is an occasional 
constituent in the grt-crd-oam rocks and in am­
phibolites. 

In pi aces staurolite occurs as small relict in­
cIusions in cordierite . In the sillimanite-bearing 
rocks, a cordierite rim has often developed 
around garnet grains. Cordierite has undergone 

retrograde alteration into biotite and AI silicate, 
which is predominantly fine-grained or fibrous 
siIIimanite. In general, the reaction has not ad­
vanced as far as in the Lampaanjärvi block. 

Orthopyroxene has almost invariably altered 
to cummingtonite or anthophyllite and the lat­
ter further to chlorite. The garnet-cordierite­
orthoamphibole rocks frequently show complex 
crystallization textures (Hudson & Hölttä, in 
prep.). Hence, garnet, for example, has altered 
to cordierite-orthoamphibole symplectites along 
the margins, and staurolite and spinel are rimmed 
by cordierite when surrounded by orthoamphi­
bole. 

Block V, Korppinen 

Garnet-cordierite equilibrium is rare in the 
Korppinen block; it appears that the maximum 
temperature conditions in the block were between 
those of the muscovite decomposition reaction 
and the garnet-cordierite equilibrium. The assem­
blage grt-crd-st-bt-sil-spl-pl-qtz has been encoun­
tered in a mica schist xenolith embedded in a 
gabbro in the southern part of the zone. The 
magnesium contents of garnet and cordierite in 
this assemblage are fairly high in relation to the 
environment (Table 5, sam pie no. 44), suggest­
ing that the xenolith might have been transport­
ed from considerable depths by the intruding 
magma. Muscovite and chlorite are common 
retrograde phases, particularly in the numerous 
shear zones in the area. The mica gneisses adja­
cent to the Pyhäsalmi ore deposit, wh ich is 10-

cated about 2 km southeast of Pyhäjärvi village 
(Fig. 1), contain abundant muscovite in the as­
sem blages ms-bt-qtz and crd-phl-ms-qtz, which, 
however, may be due to late hydrothermal ac­
tivity associated with the emplacement of the ore 
(cf. Pajunen, 1988). Potassium feldspar is a rare 
constituent in the metagreywackes, probably 
partly because of intense biotitization and mus­
covitization during retrograde metamorphism. 

The sm all staurolite incIusions often present in 
the cordierite grains or pseudomorphs are pro­
grade relics. The retrograde alteration of cor­
dierite has often resuIted in the formation of sil­
limanite, although andalusite is also encountered 
as a rare constituent. PlagiocIase and cordierite 
rims have grown around garnet in sillimanite­
bearing rocks. 

Block VI, Pihtipudas 

Pelitic rocks are rather rare in the Pihtipudas 
block. Narrow metagreywacke horizons have 
been encountered in the viIIage of Pihtipudas, at 
Virkamäki and Haasiapuro west of the lake Py-

häjärvi. They often contain andalusite as large 
grains measuring about one centimetre. 

Sillimanite is rare and has only been met with 
as acicular crystals at the margin of andalusite 
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• 

qtz :. . 

• 
Fig. 4. Acicular sillimanite crystallized on an andalusite grain. Outcrop 7 in Fig. 2. 

(Fig. 4). The alteration took place both directly 
and via muscovite. Chlorite is a 'retrograde phase, 
as is obviously some of the muscovite. During 
the prograde stage staurolite was partly decom­
posed in the metapelites through the reaction 
(10) st + ms + qtz = and + bt + grt + HP 

In places garnet crystallized dose to andalu­
site, probably through the reaction: 
(li) bt + and + qtz = grt + ms 

Staurolite has altered to chlorite and musco­
vite along the margins, as at Vieremä (Table 2). 
In places andalusite has been decomposed by the 
reactions 
(12) and + bt + HP = chI + ms 
(13) -and + qtz + HP + K+ = ms 

The occurrence of reaction (13) is supported 
by the absence of potassium feldspar from 
metagreywackes. 

PT DETERMINATIO NS 

Chemical data fo r minerals 

The majority of the electron probe microanal­
yses were made at the Institute of Electron Op­
tics, University of Oulu, using a JEOL JCXA -
733 microprobe. 

The acceleration voltage was 15 kV, the cur-

rent of the electron beam 30 nA and the beam 
diameter 10 J.,lm. The standards used were 
deavelandite (Na), periclase (Mg), synth. sapphire 
(Al), quartz (Si), sanidine (K), wollastonite (Ca), 
synth. TiO (Ti), haematite (Fe) and correspond-



ing metals (V, Cr, Mn, Zn) . Some of the anal­
yses were made at the Geological Survey of Fin­
land, Espoo, with a JEOL JCXA - 733 micro­
probe. The acceleration voltage and the beam di­
ameter were the same as in Oulu; the current of 
the electron beam was 25 nA. The standards used 
at the GSF were albite (Si, Na), rutile (Ti), alman­
dine (Fe), rhodonite (Mn), diopside (Mg, Ca), 
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sanidine (K) and synth. yttrium aluminium gar­
net (Al) . 

V, Cr, Ni and Zn were not analysed with the 
GSF probe. Most of the analyses presented in 
Tables 3 and 9-16 represent one analysis per 
point. Some of the analyses were repeated and 
the deviation in oxide weight per centages was 
normally only a few tenths. ZAF correction pro­
grams were used. 

Thermobarometry 

The crystallization temperature was deter­
mined using gamet-biotite, gamet-cordierite and 
gamet-orthopyroxene thermometers. Since the 
composition of the margins of the gamet grains 
was alte red by intense retrograde metamorphism, 
the tabulated data refer to the composition of the 
gamet cores unless specially mentioned. The 
highest Mg contents in gamet in blocks lI-V 
were recorded from the cores of the largest gar­
net grains, wh ich can be considered to represent 
equilibration close to the maximum temperature. 
Small gamets that crystallized during cooling or 
represent blocking (Thompson and England, 
1984) or the margins of the large grains in thin 
sections contain markedly less magnesium and 
therefore give lower crystallization temperatures . 

Since biotite readily undergoes retrograde re­
equilibration, minerals that were not in direct 
contact with gamet were chosen for the compu­
tations. Table 4 lists the temperatures given by 
gamet-biotite thermometers, calculated as pro­
posed by Ferry and Spear (1978), Ganguly and 
Saxena (1984), Pi gage and Greenwood (1982), 
Perchuk and Lavrenteva (1983), Indares and 
Martignole (1985) and Hodges and Spear (1982). 
Factors affecting the results given by the ther­
mometers have been discussed in many papers 
(e .g. Hudson, 1985; Tuisku and Sivonen, 1984). 
In their experimental studies, Ferry and Spear, 
and Perchuk and Lavrenteva considered ga mets 
ideal Fe-Mg mixtures. Hodges and Spear formu­
lated the thermometry of Ferry and Spear by con­
sidering gamet as a nonideal symmetric four-

component mixture according to Ganguly and 
Kennedy (1974); the mixing model of Ganguly 
and Saxena (op. cit.) assurnes asymmetric en­
thalpy and symmetric entropy of mixing. The 
results calculated using the procedure of Hodges 
and Spear are no more than 20°C high er than 
those given by the procedure of Ferry and Spear, 
except for the highest spessartite and grossularite 
contents, for which the results given by the latter 
thermometry are clearly too low for the assem­
blages. 

The gamet-cordierite temperatures calculated 
with the procedure of Holdaway and Lee (1977) 
are given in Table 6. In the Pielavesi block tem­
peratures are mostly lower than those given by 
the other thermometers, even in the case of the 
highest pyrope contents. This is in harmony with 
the observations on the granulites of Enderby 
Land made by Ellis (1980) and Harley (1986), 
who concluded that not enough is known about 
the equilibration of gamet and cordierite and 
about Fe-Mg cation exchange at high tempera­
tures. The high Mg content in cordierite due to 
fairly high press ure affects the thermometry by 
keeping the temperatures tao low when the pres­
sure increases . When in contact with gamet, cor­
dierite, like biotite, is richer in Mg than is the 
matrix cordierite. The highest temperature that 
the gamet-cordierite thermometer showed for the 
Pielavesi block, c. 780°C, was obtained from the 
composition of the co re of a large gamet grain 
and cordierite that was not in direct contact with 
the gamet. 



Table 4. Garnet-biotite temperatures. F&S = Ferry & Spear 1978, G&S = Ganguly&Saxena 1984, P&G = Pigage & Greenwood 1982, P&L = Perchuk & Lavrenteva 1983, 0-

H&S = Hodges & Spear 1982, IM, = equation 18, 1M2 = equation 19 according to Indares & Martignole 1985. In block II, the number following rhe code refers to the 
distance from the contact of the Vaaraslahti mangerite intrusion. In block III, 21-ig refers to the retrograde grt-bt intergrowth (as in Fig. 12) . The letter r after the 
code indicates that the calculations were based on the composition of the gamet rim . The letter combination -r-i refers to the gamet rim and plus biotite inc1usion 
(see Fig. 6). 

0 
(1) 

Code XF,Grt XM,Grt XM,Grt Xc,Grt XF,Bt XM, Bt XA1viBt XT;Bt F&S G&S P&G P&L H&S IM, 1M2 
0 
0-
"" ;:;. 

Block I. ~ 

I 0.722 0. 126 0.113 0.039 0.377 0.386 0.212 0.024 528 542 613 544 543 495 524 
(j) 

::; 
1a 0.742 0.114 0.112 0.032 0.423 0.367 0. 177 0.031 568 580 647 569 580 523 553 < 

(1) 

Ib-r 0.755 0.106 0.103 0.036 0.446 0.395 0.130 0.026 526 544 600 552 540 495 530 '< 

1b 0.709 0.145 0.104 0.042 0.446 0.395 0 .130 0.026 552 577 651 553 569 522 583 S, 
:;1 

Block I!. :l 
;;ö 

2 0.681 0.145 0.130 0.045 0.422 0.384 0. 155 0.035 635 643 745 589 653 588 648 :l 
?-

8 0.709 0.028 0.198 0.065 0.343 0.509 0.125 0 .023 596 535 653 599 623 579 578 1:0 
9 0.764 0.053 0.150 0.034 0.409 0.405 0. 130 0.056 616 588 667 600 630 538 540 S 
10 0.734 0.022 0.220 0.024 0.364 0.415 0.145 0.075 736 635 768 666 746 609 581 [ 

5' 
11-4oom. 0.752 0.026 0.186 0.036 0.433 0.376 0. 107 0.083 776 704 821 683 791 641 628 w 
12-450m. 0.749 0.026 0.197 0.028 0.394 0.424 0. 119 0 .061 702 624 738 649 714 606 591 .I:>-

.I:>-

13-150m. 0.693 0.039 0 .224 0.044 0.385 0.442 0 .112 0.060 771 674 830 676 789 677 679 
14-80m. 0.728 0.025 0.216 0.031 0.392 0.437 0. 101 0.071 742 646 781 668 755 629 618 
38-2m. 0.764 0.018 0.193 0.024 0.385 0.466 0 .072 0.076 638 565 664 619 648 531 519 

Block 111. 

15 0.643 0.025 0.300 0.032 0.371 0.502 0 .026 0 .100 889 715 934 721 902 715 722 
16 0 .602 0.105 0.263 0.ü30 0.303 0.514 0. 139 0.044 732 632 818 628 745 659 697 
17 0.695 0.015 0.264 0.027 0.320 0.503 0. 121 0.103 697 568 725 649 708 532 515 
18 0.628 0.014 0.329 0.030 0.328 0.515 0.096 0.061 868 674 903 717 881 759 741 
19 0.586 0.012 0.367 0.035 0.307 0.544 0 .059 0.090 906 686 945 732 921 745 734 
20 0.660 0.007 0.303 0.029 0.318 0.546 0.064 0.071 748 586 775 667 760 638 623 
21-ig 0.696 0.017 0.267 0.019 0.251 0.626 0.080 0.043 536 426 556 556 544 482 472 
39a 0.667 0 .019 0.286 0.028 0.313 0.507 0. 117 0.063 737 591 770 667 749 635 615 
39a-r-i 0 .695 0.022 0.251 0.032 0.213 0.602 0. 143 0.042 473 382 501 541 485 423 406 

Block IV. 

22 0.696 0.034 0.246 0.024 0.390 0.500 0.078 0.031 760 641 800 673 770 711 716 
23 0.686 0.009 0.267 0.038 0.319 0.499 0 .108 0.073 710 579 743 658 726 599 576 

Block V. 

25 0.681 0.055 0.254 0.010 0.359 0.497 0. 109 0.034 747 626 788 660 751 683 691 
26 0.733 0.065 0.087 0.115 0.474 0.301 0.183 0.041 598 637 706 587 643 568 585 
27 0.742 0.062 0. 183 0.014 0.394 0.418 0. 165 0.023 680 621 726 629 686 634 634 
28 0.774 0.059 0.157 0.010 0.381 0.382 0.222 0.014 625 587 664 603 629 587 571 



29 0.673 0.110 0.165 0.052 0.372 0.463 0.133 0.030 615 592 709 583 636 581 626 
30 0.692 0 .063 0.179 0.067 0.400 0.432 0.134 0.032 693 649 778 634 720 657 678 
31 0.717 0.059 0.199 0.024 0.381 0.442 0.158 0.016 694 623 747 636 704 664 667 

Block VI. 

32 0.433 0.364 0.057 0.145 0.383 0.428 0.161 0.023 449 550 691 451 503 464 639 
32a 0.412 0.377 0.062 0.149 0.425 0.407 0.131 0.033 528 641 805 484 585 532 743 
32a-r 0.610 0.203 0.091 0.096 0.425 0.407 0.131 0.033 524 577 682 537 562 508 609 
32b-r 0.592 0.219 0.116 0.073 0.373 0.423 0.174 0.026 557 595 716 550 586 535 637 
7 0.718 0.158 0.085 0.039 0.489 0.311 0.158 0.038 584 627 693 583 599 532 595 
6 0.714 0.168 0.077 0.042 0.479 0.315 0.162 0.040 541 590 651 558 557 490 554 

Table 5. Pressures calculated from the garnet-plagioclase-biotite-muscovite barometer. PI = P-Mg, P 2 = P-Fe according to Ghent & Stout (1981), P 3 = according to Hodges 
& Crowley (1985). 

Code T(0C) XCaPI XM,Bt XFeBt XKMs XAIViMs XNaMs XF,Grt XM,Grt XM,Grt XCaGrt PI P2 P3 

Block I 

Ic 580 0.233 0.395 0.446 0.831 0.944 0.169 0.709 0.145 0.104 0.042 4.1 4.4 4.8 
Id 580 0.224 0.367 0.423 0.810 0.940 0.190 0.742 0.114 0.112 0.032 3.8 3.9 4.4 

Block 1I 0 
(1) 

0 
2a 650 0.289 0.384 0.422 0.887 0.932 0.112 0.681 0.145 0. 129 0.045 4.3 4.5 5.8 Ö 

()Q 

3 650 0. 172 0.371 0.457 0.891 0.932 0.109 0.833 0.054 0.092 0.021 2.6 4.1 5.2 ;S ' 
e:. 

Block VI C/l 
c: 

6 600 0.338 0.315 0.479 0.861 0.922 0.139 0.713 0.168 0.077 0.042 2.7 3.2 3.8 :< 
(1) 

7 600 0.328 0.311 0.489 0 .851 0.917 0.146 0.718 0.158 0.085 0.039 2.9 3.0 3.6 '< 
0 

32c 600 0.352 0.428 0.383 0.829 0.891 0. 171 0.433 0.364 0.057 0.145 4.4 5.8 6.3 ..., 
'Tl 
5' 
0; 
::l 

?-
c:o 
c: 

; 
::l 

...... 

.to. 

.to. 
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Table 6. Garnet-cordierite temperatures and press ures calculated according to Holdaway and Lee (1977). An asterisk after 
the pressure value implies that sillimanite is absent from the assemblage and that the pressures are thus maximum pressures. 
In block 11, the last number of the sampie code refers to the distance from the contact of the Vaaraslahti mangerite intrusion 
(Fig. 2) . Calculations based on the partial pressure of water of 0.4. 

Code Xf,Grt XMoGrt XMgGrt 

Block 11. 

33 0 .740 0 .013 0.215 
34 0.749 0.01 7 0.203 
35 0.742 0 .020 0.212 
36 0.763 0.031 0.172 
12- 450m. 0.748 0 .026 0.196 
14- 80m. 0 .728 0.025 0.215 
37- 20m . 0 .724 0.015 0.226 
38- 2m. 0 .763 0.018 0 .193 

Block 111. 

20 0 .660 0.007 0.303 
19 0 .586 0.012 0 .367 
19b 0.677 0.010 0 .287 
19a 0.627 0.011 0.329 
21a 0.650 0 .025 0.300 
39 0.691 0 .028 0.249 
40 0.564 0.104 0.31 8 

Block IV. 

24a 0.682 0.011 0.271 
22 0 .672 0.031 0.276 
23a 0 .677 0 .008 0.274 
41 0 .594 0 .008 0.360 
42 0 .684 0 .006 0.279 

Block V. 

31 0.717 0.058 0 .199 
31a 0.761 0 .063 0.169 
27 0.741 0 .061 0.1 82 
43 0.673 0.025 0.266 
44 0.659 0 .004 0.321 

The garnet-orthopyroxene thermometer was 
used to study PT evolution in the Pielavesi granu­
lite block. The temperature was calculated with 
the aid of the calibrations of Harley (1984a), Sen 
and Bhattacharya (1984) and Perchuk et al. 
(1985). The calibration of Sen and Bhattacharya 
gave higher temperatures than the other two ther­
mometers . The maximum temperatures derived 
from the calibrations of Harley and Perchuk et 
al. were also fairly high. However, they cor­
respond to the maximum temperatures reported 
from other Precambrian granulite areas (e.g. Ellis 
& Green, 1985; J ansen et al., 1985). The higher 
temperatures were obtained from the composi-

Xc.Grt XMgCrd P(kb) T OC 

0.030 0.736 6 .0 606 
0.029 0.678 5.3 663 
0.025 0.684 5.4 668 
0.031 0.697 5.6 592 
0.028 0.659 5.2 677 
0.030 0.665 5.1 704 
0.032 0.648 4.9 746 
0.024 0.594 4.5 752 

0.028 0.786 6.2 652 
0.035 0.782 5.8 755 
0.023 0.785 6.3 631 
0 .032 0.787 6.1 689 
0 .023 0.722 5.3 ' 761 
0 .030 0 .758 6.0 631 
0.014 0.736 5.2 782 

0 .035 0.742 5.8 680 
0 .020 0.730 5.6 706 
0 .039 0 .759 5.9 660 
0.036 0 .798 6.1 708 
0.029 0 .729 5.6- 709 

0.024 0.643 5.0 702 
0 .005 0.643 5.2 640 
0 .013 0.626 4.9 695 
0 .035 0.743 5.7- 675 
0.014 0 .812 6.6 626 

tions of the cores of grains with a diameter of 
up to one centimetre. Minerals formed by the 
reactions under declining temperature conditions 
gave lower temperatures, and the lowest temper­
ature, c. 600°C, was recorded when the calcula­
tions were based on the composition of the out­
er most diffusion rim. The temperatures deduced 
from the garnet-orthopyroxene pair are listed in 
Table 17 . 

Press ure was determined with the aid of geo­
barometers based on the garnet-plagioclase­
sillimanite-quartz (Newton & Haselton, 1981, 
Table 7), garnet-cordierite-sillimanite-quartz 
(Holdaway & Lee, 1977, Table 6), garnet-
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Table 7. Garnet-plagioclase pressures calcu lated according to Newton & Haselton (1981) with the following changes: 
PO(sil) = - 1.17 + 0.238T(°C) (Ganguly & Saxena 1984, p. 93); P O(and) = -1.99 + 0.028T(°C) (St-Onge 1984, p. 204, an-
dalusite is the stable AI silicate in block VI). In block 11 , the number after the code refers to the distance in met res from 
the contact of the Vaaraslahti mangerite intrusion. The letter combination -r-c denotes that the calculations were based on 
the composition 01' the gamet rim end of the enveloping plagioclase corona. The letter r refers to the gamet rim and the 
letter i indicates that the calculations were based on the plagioclase inclusion in gamet. 

Code T(°C) Xc.PI XF,Grt 

Block 11 . 

45 650 0.317 0.739 
2a 650 0.290 0.681 
3a 650 0.172 0.787 
3b 650 0.220 0.764 
46 680 0.306 0.775 
36a 680 0.297 0.777 
9 650 0.288 0.764 
47- 300m. 680 0.303 0.746 
47-300m-r-c 680 0.293 0.756 
l3a- 150m. 680 0.272 0.757 
14a-80m. 700 0.294 0.738 
37- 20m. 750 0.277 0 .725 
38a- 2m. 750 0.264 0.771 
48-2m. 750 0.256 0.699 

Block 111. 

19 800 0.344 0.586 
49-i 800 0.806 0.658 
50-i 800 0.375 0.612 
39a 800 0.275 0.657 
39a-r 600 0.303 0.701 
39a-i 800 0.563 0.657 

Block IV . 

24a 750 0.297 0.683 
23 750 0.343 0.686 
41 700 0.291 0.594 
4la-i 700 0.081 0.730 

Block V. 

51 680 0.341 0.755 
5Ia-r-c 680 0.241 0.752 
28a 680 0.128 0.753 
28 680 0.080 0.774 
26 650 0.409 0.733 
26a 650 0.435 0.813 
25 700 0.201 0.681 
30-i 650 0.416 0.692 
30a 650 0.429 0.695 
30a-r-c 650 0.452 0.713 
31b 700 0.270 0.710 

Block VI . 

32b-r 600 0.427 0.592 
6 600 0.338 0.714 
7 600 0.328 0.718 

plagioc1ase-biotite-muscovite (Ghent and Stout, 
1981; Hodges and Crowley, 1985, Table 5) and 

XMnGrt XM.ort Xc.Grt P(kb) 

0.025 0.203 0.033 3.6 
0.145 0.130 0.045 4.8 
0.028 0.166 0 .019 4.2 
0.038 0.170 0.028 4.5 
0.051 0.143 0.032 3.8 
0 .037 0.150 0.037 4.6 
0 .053 0.150 0 .034 3.9 
0.032 0.184 0.037 4.6 
0 .032 0.179 0.032 4.2 
0 .025 0 .186 0.032 4.5 
0.036 0.182 0.044 5.8 
0.016 0.227 0.032 5.8 
0 .020 0 .185 0.025 4.7 
0 .013 0 .262 0.025 5.3 

0.012 0.367 0.035 6.4 
0 .025 0 .263 0.054 5.5 
0.086 0.265 0 .037 5.8 
0.020 0.287 0 .036 7.5 
0.028 0.238 0.033 3.1 
0 .020 0.287 0 .036 4.5 

0.011 0 .297 0.035 6.0 
0.009 0.267 0.038 5.7 
0.009 0.360 0 .036 5.8 
0.010 0.232 0 .028 11.2 

0.009 0.198 0.039 4.4 
0.010 0 .201 0.036 5.7 
0.059 0.173 0 .016 5.5 
0.059 0.157 0 .010 6.1 
0.065 0.087 0 .115 7.6 
0.033 0.108 0 .045 3.4 
0.055 0.254 0.010 1.9 
0.063 0.179 0.067 5.4 
0.065 0.175 0.064 5.1 
0.084 0.143 0.060 4.6 
0.077 0.180 0.033 5.0 

0.219 0 .116 0.073 5.8 
0.168 0.077 0.042 3.9 
0.158 0.085 0.039 3.8 

garnet -orthopyroxene-plagioc1ase-quartz assem­
blages (Newton & Perkins, 1982; Perkins & 
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Chipera, 1985, Table 17). 
On account of temperature dependence, the 

maximum temperatures given by the thermome­
ters for each zone were used when computing 
pressures for the grt-pl-AI-sil-qtz and grt-bt-pl­
mu barometers. The grt-crd-sil-qtz and grt-opx­
pl-qtz barometers are not so much temperature­
dependent, and hence the thermometer and 
barometer equations were solved simultaneously. 

No aluminium si licate was found in the gar­
neti ferous rocks of the Vieremä schist belt (block 
I) , and so only the grt-pl-bt-ms barometer was 
used for the zone. The above barometer and the 
grt-pl barometer were applied to the Lampaan­
järvi block (I I), and the grt-crd and grt-opx­
pl-qtz barometers were used for rocks showing 
mangerite contact effects. The garnet-plagioclase 
barometer (Table 7) gives a crystallization pres­
sure that is about one kilobar lower than that 
given by the grt-crd barometer (Table 6) for the 
Lampaanjärvi block. Edwards and Essene {I 988) 
have taken into consideration on the change in 
(~V,) and Clapeyron slope with P and T and 
noticed that pressures calculated in this way are 
higher than those from Newton and Haselton 
(1981) for most metamorphic conditions . The 
partial water pressure has a significant effect on 
the results of the garnet-cordierite barometer 
(Holdaway & Lee 1977), and since the value of 
the water pressure is merely an estimate the 
results cannot be very accurate . Nevertheless, in 
the Pielavesi block the grt-crd-si l-qtz barometer 
indicates pressures simi lar to those given by the 
grt-opx-pl-qtz barometer at the partial water 
press ure of 0.4 kb (Tables 6 and 17) . 

The scatter in the resuIts of the garnet-plagio­
clase barometer is fairly high, particularly in the 
Korppinen block (V), where the crysta lli zation 
pressures given by the barometer vary from 1.9 
to 7.6 kb when measured from the composition 
of the mineral cores. According to Bohlen a nd 
Lindsley (l987), the reliability range is at least 
± 2 kb. This is due to the long extrapolation, the 
shortage of information on the reaction equilibri­

um of the end members and the presence of cal-

cium that may be bound to ferric iron, alJ of 
which combine to make the activity of the gros­
sular di fficult to compute. 

At Haasiapuro, in the Pihtipudas block (VI, 
number 32 in Tables 5 and 7), the andalusite-mica 
schist contains garnets that are rich in calcium. 
The compositions of the cores of these garnets 
(Xca = 0.16) show high pressure, almost 10 kb, 
when the garnet-plagioclase barometer is applied. 
However, the calcium content declines towards 
the margins of the grains (Xca = 0.07) and, con­
sidering the low metamorphic temperature, the 
zoning can probably be attributed to growth. 
Hence the grain margins are very likely in 
equilibrium with the rest of the assemblage. Even 
then the pressure is rat her high, c. 6 kb, for the 
assemblage (grt-and-st-bt-ms-pl-qtz). The grt-pl­
bt-ms barometer gives a similar pressure of 
(Table 5). It may be postulated that the rocks 
were originally metamorphosed in the kyanite 
field and that the present-day assemblage 
represents lower press ure conditions. 

Shown in the PT diagram in Fig. 5 are the pres­
sures and temperatures given by the geothermo­
meters and geobarometers for the culmination of 
metamorphism in the various zones. The results 
are compatible with the observed mineral assem­
blages . The lowest P and T values, c. 3-4 kb 
and 550-600°C, respectively, are from block VI, 
where andalusite is a stable aluminium silicate. 
In the Vieremä schist belt (block 1), where fibrous 
si llimanite occurs in the staurolite-mica schist, the 
temperature is almost the same but the pressure 
is sligh tl y higher, 4-4.5 kb, in good agreemen t 
with the resuIts of Salje (1986) for the equilibrium 
fields of the aluminium si li cates. The crystalli­
zat ion pressures of the other blocks are simi lar, 
5-6 kb, within the error limits of the barom­
eters. 

In the Lampaanjärvi block (11) the tempera­
ture rises from 620- 650° to about 750°C 
towards the contact of the mangerites, with a 
simultaneous drop in pressure of about one kilo­
bar (Tables 4, 6 and 17). 

According to the thermometers and barome-
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Fig. 5. PT diagram showing the temperatures and pressures at the culmination of metamorphism in the metamorphic blocks 

of the Pielavesi area. Blocks numbered as in Fig . I. 

ters, granulite area (111) reached a high tempera­
ture, c. 800-880°C, at apressure of 5.5- 6 kb. 
In block IV the temperature slightly exceeded 
700° , in accord with the observed assemblages, 
for example, the sporadic occurrence of or­
thopyroxene. As shown by the thermometers, the 
temperature was also high in block V. The meta­
morphic grade may vary within a block. How­
ever, this could not be established within the 
scope of the present work . 

The temperature path can be studied by bas­
ing the thermobarometry on the composition of 
the incIusions (e.g. pi, bt) in garnet (St. Onge, 
1987). Poor though the garnets in the Pielavesi 
area are in plagiocIase incIusions, it was possi­
ble to analyse plagiocIase incIusions from the var­
ious blocks of the cores of a few garnet grains. 

The cores of garnets grains in the granulite 
block (IlI) are often richer in Ca (Figs 6 and 17a) 

than the rims, or the grains have zones rich in 
ca lcium (Fig. 17a) . The plagiocIase incIusions in 
the grain core are then also richer in calcium than 
the matrix plagiocIase (Fig. 6). lf a garnet is 
zoned it is likely that only the incIusions are in 
equilibrium with the grain core. I f pressure is cal­
culated from the composition of the garnet core 
and matrix plagiocIase the result is too high (anal­
ysis 39a, Table 7). The same probably applies to 
analysis 26 from block V. 

Although the temperature shown by the ther­
mometers was very high in the granulite area at 
the time the core of the grain crystaIIized, the 
matrix plagiocIase may represent equilibrium at 
a lower temperature. In that case the garnet core­
plagiocIase incIusion and garnet rim-matrix 
plagiocIase give almost the same pressure within 
the limits of error. 

The plagiocIase incIusion analysed from block 
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IV (sampIe 41a-i in Table 7) has a high Na con­
tent in co nt rast to that in block III (sam pIe 49-i 
and 39a-i in Table 7), a fact that may be attri­
buted to early high pressure. The anorthite con­
tent in the inc1usion does not differ much from 
that of the matrix plagioc1ase in the pair analysed 
from block V. Of the above analysis pairs, only 
the gamet of 41 a-i has sillimanite inc1usions and 
hence a buffer assemblage for the barometer. The 

other results refer to maximum pressures. On the 
other hand, ga mets grew during several meta­
morphic stages, and the PT paths of the blocks 
may not be alike. The calculations conceming the 
plagioc1ase inc:usions were based on the estimat­
ed temperature, because the biotite inc1usions 
analysed from the area are invariably very rich 
in magnesium (Fig. 6), and their composition 
probably represents retrograde equi1ibration. 

PTt EVOLUTION OF THE PIELA VESI GRANULITE BLOCK 

This chapter deals with the metamorphic re­
actions in the migmatites (group I), interpreted 
as semipelites, of the Pielavesi granulite block 
and in the gamet-cordierite-orthopyroxene rocks, 

originally hydrothermally alte red volcanics 
(group II), which show abundant corona and 
recrystallization textures as records of crystalli­
zation history. Chemical compositions of these 
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rocks are given in Table 8. The classification in- Table 8. XRF analyses of group 11 (52c, 55 and 59a) and group 

to these two groups follows that of Marttila I (53 and 19) rocks. 

(1977), according to whom there are originally Code 52c 55 59a 53 19 

both volcanic and pelitic cordierite-bearing rocks Si02 55.18 54.67 55.07 65.74 61.70 

in the granulite area. The mineralogy of the rocks Ti02 1.11 0.71 1.21 0.54 0.74 

has been described in detail by Savolahti (1966) A120 J 15.54 17.21 12.97 14.02 17.11 
FeO tOI. 21.19 18.89 21.20 6.61 7.95 

and Marttila (1976). The mineral assemblages MnO 0.19 0.52 0.34 0.11 0.06 

that probably represent the culmination of meta- MgO 5.02 6.26 5.22 2.82 3. 14 

morphism in these rocks are listed in Table 1. CaO 1.84 1.54 2.30 2.79 1.62 
Nap 1.65 1.63 3.55 2.59 2.45 
K20 0 .00 0. 18 0.00 1.97 3.22 
P20 , 0.49 0.04 0 .06 0.06 0.05 

Total 102.20 101.66 101.93 97. 25 98 .05 

Petrography and mineral reactions 

During the progressive stage the following as­
semblages were equilibrated in the rocks of group 
I: 
grt -crd-bt -kfs-pl-qtz 
opx-kfs-bt-pl-qtz. 

Therefore, reactions (3) and 
(9) bt + qtz = opx + kfs + HzÜ 

took place during the progressive stage. The gar­
net grains are euhedral or subhedral and measure 
3-4 mm, on average . Many of the ga mets are 
poikiloblastic, having a core rich in quartz and 
biotite inclusions but margins free from inclu­
sions (Fig. 7). In places gamet has altered into 
orthopyroxene through the reaction 

(8) grt + qtz = opx + pi, or 
(14) grt = opx + Fe-Mg-tschermak. 

Reactions (8) and (14), which produced or­
thopyroxene coronas around the gamet, ad­
vanced so far in some pi aces that only a pseudo­
morph remains. Occasionally cordierite is 
rimmed with agamet corona, and gamet with 
a cordierite corona, implying that reaction (5) ad­
vanced in both directions. Small granules of gar­
net have crystallized together with fibrolite nee­
dies on the rims of larger primary garnets when 
they are in contact with cordierite or with 
plagioclase indicating also the reaction (5) and 
the reaction 

(15) pi = grt + sil + qtz 
Gamet has alte red into biotite and symplectites 

filled with biotite, plagioclase and quartz. Re­
hydration on cooling altered orthopyroxene into 
biotite-quartz symplectite when reaction (9) ad­
vanced from right to left. Reaction (2) altered 
biotite into sillimanite and occasionally into an­
dalusite, and in places the reaction 
(16) crd + sil = st + qtz 
produced small staurolite crystals along the mar­
gins of the cordierite grains. 

Spinei, which occurs as small inclusions in cor­
dierite and gamet, varies from green to brown 
in colour. 

Gamet occurs in the rocks of group n as 
a) large euhedral or subhedral grains; 
b) coronas around orthopyroxene grains, partic­

ularly when orthopyroxene is in contact with 
cordierite and plagioclase (Figs 8 and 9); 

c) coronas around iron oxide or iron oxide­
hercynite intergrowths (Fig. 10); 

d) recrystallized along the margins of the older 
gamet grains, particularly when gamet is in 
contact with cordierite (Fig. 11). In this case, 
abundant magnetite was exsolved from the 
gamet; 

e) symplectic intergrowths with biotite and 
quartz (Fig. 12); 
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f) inclusions in orthopyroxene. 
Orthopyroxene occurs as 

a) large euhedral or subhedral grains; 
b) coronas around garnet alone or together with 

plagioclase (Fig. 13); 
c) orthopyroxene-cordierite symplectites along 

the margins of garnet (Fig. 14); 
d) inclusions in garnet. 

Cordierite occurs as large subhedral grains 
sometimes filled with fine-grained opaque pig­
ment. It is also met with as coronas rimming gar­
net, and as both separate grains and crd-opx-qtz 
symplectites. 

Biotite is encountered as large flak es, which , 
depending on the chemical composition of the 
rock, are at least partly prograde. It also occurs 
as alteration products of garnet and orthopyrox­
ene, forming symplectites with quartz. 

Spinel occurs as intergrowths with Fe oxides 
or as exsolution bodies in them and as inclusions 
in garnet. When in contact with quartz, spinel 
is rimmed with a narrow cordierite corona, in­
dicating the reaction 
(4) hc + qtz = crd 

The corona textures suggest that reactions (8) 
and (14), as weIl as the reaction 
(17) grt + qtz + HP = opx + cord, 
produced orthopyroxene, cordierite and garnet 
in the Pielavesi granulite zone. 

These reactions have a gently sloping positive 
dP / dT, and hence they proceeded from right to 
left either with increasing pressure and tempera­
ture or with isobarically falling temperature. 
Reaction (17) is also affected by partial water 

press ure. 

Reactions (8), (14) and (17) proceeded from left 
to right, altering garnet into orthopyroxene. The 
temporal order of the directions of the reactions 
is difficult to establish, but there are textures 
where garnet rimming orthopyroxene has altered 
to opx-crd symplectite. These could be interpret­
ed as indicating that the formation of the later­
generation orthopyroxene was preceded by a 
stage in which orthopyroxene altered to garnet. 

In the contact zones of the mangerite intrusions 

orthopyroxenes have altered to garnet. 
Sillimanite occurs in the garnet-cordierite­

orthopyroxene rocks only as small acicular crys­
tals in or along the margins of the cordierite 
grains, often in places where there is fine-grained 
recrystallized garnet or orthopyroxene. This can 
be attributed to reactions (5) and 
(18) crd = opx + sil + qtz + Hp. 

According to experimental and calorimetric 
studies, the dP / dT slope of reaction (5) is gently 
negative (Thompson, 1976; Holdaway and Lee, 
1977) or gently positive (Hutcheon et al., 1974; 
Martignole and Si si , 1981; Aranovich and Pod­
lesskii, 1983). According to Newton and Wood 
(1979), the dP / dT of the reaction is negative for 
iron-rich compositions and positive for magne­
sium-rich compositions when the partial water 
press ure is higher than zero. The XMg of cordi­
erite is generally close to 0.75 in the block, im­
plying, according to Newton and Wood (op.ciL), 
that the dP / dT of the reaction was gently posi­
tive. 

On account of the rare reaction (18), small 
acicular sillimanite grains crystallized along the 
margins of large hypersthene and cordierite 
grains, and hypersthene probably recrystallized 
along the margins of the older grains. Accord­
ing to Harris and Holland (1984), the dP / dT of 
this reaction, too, is gently positive. Reactions 
(5) and (18) proceed from left to right, also at 
declining partial water press ure. Since the late 
stage of cooling was accompanied by intense re­
hydration these reactions may have happened at 
the early stage of cooling. 

When in contact with plagioclase, iron oxide 
is often rimmed with a garnet or symplectic 
garnet-quartz corona. Similar coronas have been 
described by Ellis and Green (1985) from the 
mafic granulites in Enderby Land. According to 
them, the reactions take place as a function of 
oxygen fugacity 
(19) an + usp-magss + qtz = grt + usp + O2 

(20) an + ilm-hemss + qtz = grt + ilm + 02' 
McLelland and Whitney (1977) made the same 

observation on the rocks of the anorthosite-
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Fig. 7. Gamet with eore eontaining quartz, plagioclase and biotite inclusions . The dusty material is eomposed of very small 
quartz grains. Outerop 39 in Fig. 2. 

I ' 

Fig. 8. Reaetion (x) opx + erd grt + qtz. Outerop 39 in Fig . 2. 
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Fig. 9. Orthopyroxene altered to gamet through reaction with plagioclase. Outcrop 52 in Fig. 2. 
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Fig 11. Magnetite exsolutions in garnet. Outcrop 21 in Fig. 2. 

Fig 12. Garnet-biotite and biotite-orthopyroxene-orthoamphibole intergrowths . Outcrop 55 in Fig. 2. 
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Fig. 13. Reaetion grt + qtz = opx + pI. Outerop 52 in Fig. 2. 

Fig. 14. Opx-erd-qtz sympleetite around garnet produeed by reaetion grt + qtz = opx + erd. Outerop 52 in Fig. 2. 



charnockite series in the Adirondacks, but they 
attributed the phenomenon to partial reactions 
in which plagiocIase and orthopyroxene first 
react with each other, thereby forming garnet. 
The extra iron needed for the formation of gar­
net derives from iron oxide. The reaction liber­
ates Mg ions from orthopyroxene, wh ich then 
participate in the reaction between plagiocIase 
and iron oxide, gene rating a Ca-Mg-Fe garnet co­
rona around the oxide. 

Even when not in contact with plagiocIase, the 
iron oxide-spinel intergrowths are rimmed with 
a garnet corona. A possible reaction is then 
(21) mag + hc + qtz = grt + 0 2. 

When orthopyroxene is in contact with iron ox­
ide, garnet has often crystallized between them 
as a result of the reaction 
(22) mag + Fe-ts + qtz = grt + 0 2. 

When garnet has crystallized along the mar­
gins of cordierite through reaction (5), it contains 
sm all magnetite incIusions averaging 3-5 iJ.m in 
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size (Fig. 11). The same phenomenon is shown 
by the fine-grained garnet grains, which have 
often crystallized along the margins of the older 
garnet grains in group I rocks as a result of reac­
tion (15). 

In places, several magnetite exolution zones 
have grown in garnet (Fig. 11). These exolutions 
are products of the reaction 
(23) alm + O2 = prp + mag 
as the pyrope content of garnet increases when 
magnetite is exsolved. 

Unlike reactions (19-22), which advance from 
left to right at decIining partial oxygen press ure, 
reaction (23) binds oxygen, and thus indicates in­
creasing oxygen fugacity. 

During rehydration, the orthopyroxene of the 
group II rocks was altered to amphibole along 
the margins by the reaction 
(24) opx + qtz + HP = ath or cum. 

The signature of the reaction is recognizable 
virtually throughout the granulite area. 

Mineral chemistry 

Orthopyroxene 

The large orthopyroxene grains are enveloped 
by a rim about 0.25 mm wide in which XMg 

(Mg/ Mg + Fe) increases and XA1 (AI/2) de­
creases (Fig. 15). The change is greatest in the 
orthopyroxene in contact with garnet, suggest­
ing diffusion on cooling. This is the only marked 
zoning shown by the orthopyroxenes. In the large 
orthopyroxene grains analysed, XMg varies from 
0.50 to 0.59. The magnesium contents are the 
same, irrespective of whether the rock belongs 
to group [ or II. The average magnesium con­
tents are higher in the orthopyroxene coronas, 
less than 2 mm wide, that rim garnet, their XMg 

varying from 0.55 to 0.62. Figure 16 illustrates 
the composition profile of a corona. The mole 
fraction of magnesium is lowest, about 0.46-
0.55 (Table 17), in the pyroxenes, that were anal­
ysed from cIose to the contacts of mangerites. In 
the contact zones of mangerites, XA1 is about 
0.03-0.10; elsewhere in the granulite zone it 
is about 0.11-0.17 (Table 17). The XA1 corre­
lates with the composition of garnet in that it 
decIines with the increase in the grossular com­
ponent, as reported by Harley (1985), but in­
creases with the increase in the pyrope compo­
nent. Table 9 li sts some orthopyroxene compo­
sitions. 

Gamet 

The large garnet grains, over 5 mm in di­
ameter, are fairly rich in magnesium. The com-

position depends on grain size rather than on 
whether the rock belongs to group I or II; in the 
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Fig . 16. Composition profile of the orthopyroxene corona around gamet across the grain. Sampie 52b. 

former, the mole fraction of magnesium averages 
0.27-0.29, and in the latter 0.30-0.35. How­
ever, compositions exceeding 0.30 have been 
recorded from the largest garnet grains, even in 
mica gneis ses (group I), whose garnets tend to 
be smaller on the whole . The garnet grains ex­
hibit zoning with XMg , XFe and XCa varying 
within a few hundredths. Outermost there is a 
diffusion rim, a quarter of a millimetre wide, in 
which XMg declines consistently. The zoning of 
the garnets is illustrated in Figs. 17a- d. A fea­
ture typical of many grains is that the Mg COI1-

tent first decreases from the co re towards the rim 

and then rises again close to the margin. 
The highest pyrope contents of the garnet co­

ronas exceed 0.30 . However, the composition 
profile differs from that of the large primary gar­
net grains, as the magnesium content is highest 
in the rim farthest from the orthopyroxene (Fig. 
17b). Zoning like this is ascribed to the growth 
of garnet at the expense of orthopyroxene. 
Closest to orthopyroxene the mole fraction of 
magnesium declines steeply as in the primary gar­
nets, implying diffusion after the grain had 
ceased to grow. The high magnesium contents of 
the garnet coronas show that the reaction start-
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ed at fairly high temperatures. The magnesium 
content of the gamet corona that crystallized at 
the margins of the more iron-rich orthopyroxene 

dose to the contact of the mangerites is lower, 
about 0.2. 

The mole fraction of magnesium in the gamet 
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inc1usion in orthopyroxene is lower than in the 
grains outside the orthopyroxene, probably be­
cause of retrograde diffusion. 

The fine-grained gamet produced by reaction 
(5) is also fairly rich in magnesium; according to 
the only analysis made of such a grain, the XMg 

of the gamet is 0.33. Cordierite, too, of which 
gamet is an alteration product, contains abun­
dant magnesium and has XMg 0.83. 

The calcium and manganese contents of the 
ga mets of both lithological groups are low, the 
mole fractions usually being less than 0.05. 
However, zones richer in are registered in the 

composition profile in Figs. 17a and 17c. A point 
in the gamet corona around the magnetite anal­
ysed showed XCa 0.06, XMg 0.17 and XMn 0.04. 
The sam pie was taken from c10se to the man­
gerite contact (outcrop 59, Fig. 2). 

A gamet grain with magnetite exsolutions in 
the margins was submitted to analyses by assay­
ing points in the core and on the margins of the 
grain. In the core, X Mg was 0.29 and on the 
margin 0.31. The XCa decreases from 0.03 in the 
core to 0.003 on the margin. 

Gamet analyses are in Table 10. 

Cordierite 

The cordierite in contact with gamet is richer 
in Mg (XMg = 0.77-0.83) than the matrix cor­
dierite (X Mg = c. 0.75, XM g = Mg/ Mg+ Fe). 

The compositions of cordierite are fairly similar 
in the rocks of groups land 11 (Table 11). 

Biotite 

In biotite, XM g (XMg = Mg/ Mg + Fe + Mn + 
Ti + AJi' ) varies from 0.5 to 0.6 . The Mg con­
tents are highest, over 0.6, in the biotites that oc­
cur as inc1usions in gamet (Fig. 6). The Ti02 

content fluctuates between 3 and 5070 (Table 12). 

The biotite inc1usions in gamet have normally 
Ti02 values from 2.2 to 3%, which are lower 
than those in the matrix biotite. Hölttä (1986) 
made a similar observation in the Turku granu­
lite area. 

Plagioclase 

The calcium contents of plagioc1ase and gar­
net depend on the whole-rock calcium content. 
In the mangerite contacts the anorthite content 
of the plagioc1ase in relation to the grossu la rite 
component of the gamet is, on average, high er 
than outside the contact zones. Figure 18 illus­
trates a zonal plagioc1ase grain in contact with 
orthopyroxene, wh ich have reacted giving rise to 

gamet and quartz. The Ca content dec1ines 
towards the orthopyroxene, implying that plagio­
c1ase has transferred calcium to gamet. In the 
rocks of group I the plagioc1ase inc1usions in gar­
net are richer in calcium than is the matrix 
plagioc1ase (Table 7, Fig. 6). Table 13 li sts the 
compositions of some plagioc1ases. 

Orthoamphibole 

Orthoamphiboles that are alteration products in composition. The primary orthoamphibole is 
of orthopyroxene are similar to the host mineral aluminium-rich gedrite (Table 14). 
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Spinel 

Hercynitic and gahnitic spineis in contact with 
iron oxide were analysed from the rocks of group 

II. XFe varies from 0.40 to 0.67, and XZn from 
0.01 to 0.42 (Table 15). 

Iron oxides 

Magnetite contains little of any components 
except iron (Table 16). However, the titanium 
content of the magnetite in contact with ilmen­
ite is ten times higher than what it is in the rest 

of the grain. The margin of ilmenite in contact 
with magnetite is also richer in titanium than in 
the rest of the grain. 

PT determinations 

Table 17 gives temperature and pressure values 
determined with garnet-orthopyroxene thermo­
meters (Harley, 1984a; Perchuk et al., 1985; Sen 
and Bhattacharya, 1984), garnet-plagiocIase-or­
thopyroxcne-quartz barometers (Newton and 
Perkins, 1982; Perkins and Chipera, 1985) and 
the garnet -orthopyroxene barometer (Harley, 
1984b). The pressures according to Perkins and 
Chipera were caIculated with their program 
NEWBAR. 

The results have been divided into four groups 
on the basis of metamorphic reactions. The 
highest temperatures and pressures were obtained 
from the compositions of the cores of the large 
grains. All the temperatures given by the ther­
mometers of Harley (l984a) (723-883 °C) are 
consistent with those of Perchuk et al. (1985) 
(743-850°C), whereas those given by the ther­
mometer of Sen and Bhattacharya (1984) (755-
J050°C) are improbably high. The pressures in-



Table 9. Onhopyroxene analyses. Analyses 52, 52a, 53, 54 ja 55 are from the co res of large grains; 54b and 52b refer to the opx coronas on gamet. The remaining w ... 
six analyses are co re compositions from the contact zones of mangerites. Analysis 59b is from an alteration product of gamet. The number after the code indicates 
(he distance in metres from (he contact of the mangerite intrusion. 

Code 52 52a 53 54 55 54b 52b 56- 57- 58- 59a- 59b- 59c-
3m . 100m. 200m. 200m . 200m. 200m. 0 

(1) 

0 

Si02 48.19 47 .23 50.70 47.99 49.62 47 .56 48.62 49.37 48.75 47.78 46.79 48.18 49.42 Ö 
(JQ 

Ti02 0.14 0.14 0.09 0.09 0.16 0.12 0.09 0.16 0.13 0.21 0.18 0.05 0.02 
n· 
eo. 

Al20 l 6.72 7.37 2.59 6.43 5.81 7.26 6.07 3.66 3.70 3.70 4.47 2.92 3.88 Cf) 

FeO 25.78 26.09 28.80 24.38 27.61 24.16 24.25 31.00 27 .36 29.11 30.57 29.48 30.78 :; 
< 

MnO 0.18 0.17 0.46 0.61 0.33 0.55 0.05 0.26 0.37 0.48 0.67 0.50 0.60 
(1) 

'< 

MgO 18.05 17 .75 17.60 19.06 17.89 18.75 19.90 15.30 17.38 15.95 14.80 16.46 15.65 0 ..., 
CaO 0.05 0.04 0.17 0.05 0.13 0.06 0.05 0.13 0.17 0.18 0. 12 0.09 0.11 '"Tl 

Nap 0.00 0.00 0.05 0.08 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.00 0.05 
5· 
öl 

K20 0.00 0.00 0.02 0.03 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 '" ?-
V20 l 0.03 0.03 0.03 0.01 0.06 0.01 0.01 0.06 0.07 0.13 0.01 0.01 0.02 ce 
Cr20l 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.04 0.04 0.13 0.01 0.00 0.02 =-
NiO 0.02 0.00 0.00 0.04 0.00 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.00 & 

'" Total 99.16 98.83 100.53 98.75 101.62 98.55 99 .07 100.01 98.01 97.69 97.66 97.68 100.55 w ... ... 
N umber of cations based on 6 oxygens 

Si 1.8392 1.8141 1.9362 1.8344 1.8605 1.8188 1.8442 1.9151 1.9032 1.8926 1.8700 1.9105 1.9065 
Ti 0.0040 0.0040 0.0026 0.0025 0.0045 0.0033 0.0025 0.0048 0.0038 0.0064 0.0055 0.0014 0.0007 
AI 0.3025 0.3336 0.1166 0.2896 0.2567 0.3270 0.2711 0.1671 0.1705 0.1729 0.2105 0.1363 0.1766 
Fe 0.8230 0.8380 0.9198 0.7792 0.8658 0.7727 0.7691 1.0054 0.8933 0.9644 1.0217 0.9778 0.9930 
Mn 0.0058 0.0056 0.0150 0.0196 0.0105 0.0177 0.0017 0.0087 0.0123 0.0160 0.0225 0.0166 0.0197 
Mg 1.0267 1.0165 1.0016 1.0857 0.9999 1.0690 1.1251 0.8848 1.0112 0.9419 0.8817 0.9730 0.8998 
Ca 0.0022 0.0015 0.0070 0.0021 0.0050 0.0025 0.0021 0.0054 0.0073 0.0078 0.0050 0.0037 0.0045 
Na 0.0004 0.0000 0.0038 0.0060 0.0009 0.0013 0.0013 0.0011 0.0015 0.0005 0.0018 0.0000 0.0037 
K 0.0000 0.0000 0.0010 0.0013 0.0000 0.0000 0.0005 0.0000 0.0000 0.0005 0.0006 0.0000 0.0000 
V 0.0009 0.0009 0.0008 0.0003 0.0018 0.0003 0.0005 0.0017 0.0022 0.0040 0.0004 0.0003 0.0006 
Cr 0.0000 0.0004 0.0004 0.0000 0.0004 0.0007 0.0000 0.0011 0.0014 0.0040 0.0003 0.0001 0.0005 
Ni 0.0005 0.0000 0.0000 0.0012 0.0000 0.0012 0.0001 0.0004 0.0000 0.0000 0.0000 0.0000 0.0001 



Table 10. Gamet analyses. 19a, 52a, 54b, 52b, 52b and 53 are large primary garnets, 52, 54 and 55 refer to the alteration products of orthopyroxene; and 56-59 
are garnets from the contact aureoles of mangerite intrusions. Analyses 19a and 56 are from the group 1 rocks and the remaining analyses from the group II rocks. 
The letter c refers LO the composition of the co re and the letter r to that of the rim; when these are absent the analysis refers to the core. The number succeeding 
the code denotes the distance in metres from the mangerite contact. n.d. = not determined. 

Code 19a-c 19a-r 52a 54b 52b-c 52b-r 53 52 54 55 56- 57- 58- 59a- 59b- 59c-
3m. 100m. 2m. 200m. 200m. 200m. 

SiO, 38.50 37.90 39 .17 38.12 38.45 38.02 38.90 39.17 38 .53 39.70 38.34 37.99 36.99 37.05 36.82 38.64 
TiO, 0.03 0.07 0.01 0.02 0.02 0.00 0.01 0.00 0.02 0.07 0.02 0.03 0.06 0.05 0.09 0.02 
A1,O, 22.00 22.00 21 .8 1 21.53 21.77 21.39 22 .19 21.86 21.67 22.37 21.90 21.57 21.18 21.00 21.02 21.81 
FeO 27 .30 28.70 28 .09 29.52 28.41 29.22 29 .90 29.94 28.59 29.32 31.86 29.83 31.46 32.05 33.04 31.86 
MnO 0.55 0.57 0.47 2.76 0.41 0.37 1.64 0.56 2.53 1.04 0.83 1.16 1.23 2.09 1.92 2.20 
MgO 9.60 9.33 9.31 7.27 9.46 8.12 7.29 8.28 8.07 8.72 6.12 7.81 6.20 5.55 4.80 5.61 
CaO 1.27 1.16 1.14 0.68 0.78 0.72 1.55 0.63 0.64 0.96 1.07 1.15 1.33 1.06 1.07 0.99 
Na,o 0.01 0.04 0.00 0.02 0.05 0.07 0.02 0.02 0.00 0.02 0.02 0.01 0.00 0.00 0.02 0.02 0 
K,O 0.00 0.02 0.00 0.00 0.01 0.04 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 " 0 

V,03 n.d . n.d. 0.00 0.02 0.02 0.00 0.01 0.03 0.01 0.03 0.05 0.04 0.03 0.00 0.02 0.01 Ö 
()Q 

Cr,03 n.d. n.d. 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.06 0.05 0.01 0.00 0.00 0.00 
;:;. 
~ 

NiO n.d. n.d . 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 Ul 

~ 
Total 99.26 99.79 100.02 99.94 99.38 97 .96 101.51 100.51 100.07 102.23 100.29 99.63 98.49 98.89 98.83 101.18 < 

" '< 

Number of cations based on 12 oxygenes 
0 ...., 

Si 2.9823 2.9440 3.0149 2.9904 2.9853 3.0098 2.9921 3.0212 2.9987 3.0050 3.0029 2.9785 2.9675 2.9775 2.9740 3.0142 
"T'I 
5' 

Ti 0.0017 0.0041 0.0008 0.0011 0.0014 0.0002 0.0006 0.0000 0.0012 0.0040 0.0011 0.0015 0.0037 0.0028 0.0054 0.0013 
., 
'" AI 2.0085 2.0141 1.9777 1.9904 1.9925 1.9957 2.0116 1.9868 1.9879 1.9957 2.0219 1.9926 2.0029 1.9890 2.0014 2.0049 ?-

Fe 1.7685 1.8644 1.8081 1.9366 1.8447 1.9343 1.9234 1.9312 1.8604 1.8558 2.0868 1.9558 2.1105 2.1544 2.2321 2.0784 I:P 

Mn 0.0361 0.0375 0.0308 0.1834 0.0268 0.0247 0.1066 0.0367 0.1666 0.0669 0.0553 0.0768 0.0836 0.1423 0.1317 0.1457 
=. 
[ 

Mg 1.1084 1.0802 1.0679 0.8500 1.0953 0.9579 0.8363 0.9523 0.9360 0.9836 0.7150 0.9126 0.7409 0.6651 0.5779 0.6523 5' 
Ca 0.1054 0.0965 0.0942 0.0567 0.0651 0.0609 0.1281 0.0521 0.0531 0.0779 0.0900 0.0970 0.1144 0.0915 0.0928 0.0826 w 

.j:> 

Na 0.0015 0.0060 0.0000 0.0027 0.0078 0.0101 0.0031 0.0028 0.0000 0.0029 0.0027 0.0015 0.0000 0.0008 0.0031 0.0035 
.j:> 

K 0.0000 0.0020 0.0000 0.0000 0.0007 0.0042 0.0001 0.0004 0.0012 0.0000 0.0015 0.0000 0.0003 0.0000 0.0009 0.0000 
V n.d. n.d . 0.0002 0.0015 0.0011 0.0000 0.0004 0.0017 0.0007 0.0017 0.0028 0.0022 0.0019 0.0002 0.0014 0.0007 
Cr n.d. n.d. 0.0005 0.0000 0.0000 0.0000 0.0003 0.0000 0.0003 0.0001 0.0040 0.0031 0.0004 0.0003 0.0003 0.0000 
Ni n.d. n.d. 0.0000 0.0009 0.0000 0.0015 0.0000 0.0009 0.0000 0.0001 0.0000 0.0000 0.0000 0.0014 0.0000 0.0000 w 

v. 
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Table 11. Cordierite analyses. c = core, r = rim of grain 
n.d. = not determined. 19a is from group I rock and the others 
from group 11. 

52 19a-c 19a-r 54 20 

SiO, 49.60 49 .00 49.20 49 .26 47.94 
TiO, 0.01 0.00 0.01 0.00 0.00 
AI,03 34 .30 33.20 33.40 33 .39 32.03 
FeO 5.39 5.25 4.71 3.99 4.87 
MnO 0.01 0.01 0 .06 0.06 0.03 
MgO 10.90 10.60 10.80 10.95 10.13 
CaO 0.00 0.01 0 .04 0.00 0.00 
Na,0 0.08 0.00 0.04 0 .04 0.06 
K,O 0.00 0.00 0.00 0.01 0.00 
V,O , n.d . n.d. n.d . 0.02 0.00 
Cr,0 3 n.d . n.d. n.d . 0.00 0.02 
NiO n.d. n.d. n.d . 0.00 0.00 

Total 100.29 98.07 98.26 97.71 95.07 

Number of cations based on 18 oxygens 

Si 4.9410 4.9858 4.9856 5.0006 5.0235 
Ti 0.0007 0.0000 0.0008 0.0000 0.0000 
AI 4.0270 3.9814 3.9889 3.9947 3.9560 
Fe 0.4490 0.4467 0.3991 0.3387 0.4266 
Mn 0.0008 0.0009 0 .0051 0.0048 0.0022 
Mg 1.61 84 1.6076 1.6312 1.6567 1. 58 15 
Ca 0.0000 0.0011 0.0043 0.0000 0 .0000 
Na 0.015 5 0.0000 0 .0079 0.0071 0.0114 
K 0.0000 0.0000 0 .0000 0.001 7 0.0000 
V n.d. n.d. n.d. 0.001 5 0.0000 
Cr n.d. n.d . n.d. 0.0000 0.001 9 
Ni n.d. n.d. n.d. 0.0000 0.0000 

dicated by the grt-opx-pl-qtz barometer average 
5.3 ± 0.6 kb . However, the sampie in which the 
pyrope content of the gamet was the highest 
shows apressure exceeding 8 kb. The results 
given by HarIey's barometer exhibit a high scatter 
due to the great variation in the aluminium con­
tent of orthopyroxene. At the lowest aluminium 
contents the pressures of aII groups are improb­
ably high. 

The second group contains the PT determina­
tions based on the composition of orthopyroxene 
and the garnet altered from it. The analytical data 
on orthopyroxene were obtained from dose to 
the margins, not, howcver, from the outermost 
diffusion rim, wh ich may have formed on cool­
ing after the net transfer reaction had stopped. 
The pressures (4.7 ± 0.8 kb) and temperatures 

Table 12. Biotite analyses. cg = in contact with garnet , 
m = matrix biotite, i = inclusion in garnet , n.d . = not deter-
mined. 

19a-cg 19a-m 19a-i 57-rn 20-m 

SiO, 37.30 36.60 38.30 35.19 35.27 
TiO, 4.51 4.54 4.26 4.88 3.54 
AI ,0 3 16.40 16.40 16.61 14.83 15 .98 
FeO 12.10 14.00 10.20 16.33 14.16 
MnO 0.02 0.00 0.00 0 .05 0 .02 
MgO 14.60 13.90 15.43 12.40 13.66 
CaO 0.00 0.00 0 .05 0 .00 0.06 
Na,0 0.06 0.04 0. 18 0.04 0.23 
K,O 9.71 9.60 9.35 9.49 8.85 
V,0 3 n.d . n.d. 0 . 11 0 . 18 0.12 
Cr,0 3 n.d . n.d. 0.06 0 . 12 0.00 
NiO n.d . n.d. 0.01 0.03 0.00 

Total 94.70 95.08 94.55 93.54 91.88 

Number of cations based on 22 oxygens 

Si 5.5250 5.4549 5.6064 5.4292 5.4490 
Ti 0.5024 0 .5089 0.4689 0.5664 0.4110 
AI 1.4989 1.7450 1.2481 2.1070 1.8291 
Fe 2.8630 2.8808 2.8658 2.6966 2.9095 
Mn 0.0025 0.0000 0 .0000 0.0061 0.0031 
Mg 3.2234 3.0879 3.3658 2.8522 3.1446 
Ca 0.0000 0.0000 0.0071 0.0000 0.0108 
Na 0.0172 0.0116 0.0508 0.0120 0.0677 
K 1.8347 1.8252 1.7449 1.8679 1.7435 
V n.d. n.d. 0.0129 0.0228 0.0151 
Cr n.d. n.d. 0.0074 0.0140 0.0000 
Ni n.d. n.d. 0.0013 0.0035 0.0000 

(659-881 0c) are only slightly lower, on average, 
than in the first group. Since the gamet that is 
an alteration product of orthopyroxene is fairly 
rich in magnesium, the reaction must have started 
at high temperatures . Determinations 55a, 55b 
and 55c listed in Table 17 were based on the com­
positions of the garnet, orthopyroxene and 
plagiodase shown in Figs 17b, 15 and 18. The 
first determination (TI = 881 oe, P2 = 6.0 kb in 
Table 17) was based on the compositions of the 
co re of the orthopyroxene and the outermost rim 
of gamet and plagiodase; the second 
(T I=751 °e, P 2 = 4.5 kb), on the compositions 
of orthopyroxene dose to the margin and cores 
of gamet and plagiodase; and the third 
(TI = 614°e, P2 = 4.8 kb), on the compositions 
of the innermost rims. 



Table 13 . Plagioclase analyses. 54b and 52b refer to the plagioclase coronas produced by the reaction grt + qtz = opx + pi; 56-59 are from the mangerite contacts; 
the number after the code denotes the distance in met res from the contact. 

Code 19a 55 53 54 52 52a 54b 52b 58- 57- 59c- 59b- 59a- 56-
2m 100m 200m 200m 200m 3m 

Si02 61.00 60.84 60.03 61.97 62.10 61.38 62 .22 60.48 57.27 57.45 61.26 59.33 59.39 59.46 
Ti02 0.01 0.03 0.00 0.02 0.02 0.00 0.01 0.00 0.01 0.04 0.04 0.00 0.01 0.01 
Alp) 25 .40 25.02 25 . 18 22 .28 22.88 22 .88 22.46 23.00 24.28 24 .54 24 .20 22.93 22 .70 24.66 
FeO 0.03 0.03 0.02 0.05 0.03 0.03 0.03 0.19 0.08 0.00 0.19 0.07 0.04 0.06 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.01 
MgO 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 
CaO 7.01 6.41 6.86 3.91 4.45 4.55 3.97 4.92 6.99 7. 23 5.73 5.28 5.31 6.43 
Nap 7.34 7.87 7.78 9.32 9.19 9.05 9.32 9.07 7. 34 7.33 8.35 8.60 8.50 7.55 0 
KP 0.09 0.16 0.33 0.46 0.09 0.09 0.36 0.05 0.23 0.24 0.19 0.15 0.22 0.22 

(1) 

0 

Vp) n.d. 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.00 0.01 0.00 0.00 0.01 Ö 
0<> 

Cr20 ) n.d. 0.00 0.01 0.00 0.01 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
;:s . 
~ 

NiO n.d . 0.00 0.00 0.01 0.03 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.04 0.00 f/l 

97.92 98.42 97.73 96.25 96.86 99.98 96.39 96.20 
:; 

Total 100.88 100.37 100.23 98 .04 98 .79 98.43 <: 
(1) 

'< 

Number of ions based on 8 oxygens. 0 ...., 

Si 2.6868 2.6951 2.6721 2.8017 2.7837 2.7770 2.8002 2.7507 2.6583 2.6510 2.7241 2.7377 2.7455 2.6880 
'Tl 
5· 

Ti 0.0003 0.0009 0.0000 0.0006 0.0006 0.0002 0.0004 0.0000 0.0005 0.0014 0.0014 0.0000 0.0002 0.0005 ;; 
::l 

AI 1.3186 1.3062 1.3208 1.1873 1.2086 1.2155 1.1911 1.2329 1.3281 1.3344 1.2684 1.2470 1.2369 1.3139 .?-
Fe 0.0011 0.0011 0.0007 0.0021 0.0010 0.0012 0.0012 0.0071 0.0030 0.0000 0.0069 0.0028 0.0015 0.0023 c:c 
Mn 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0008 0.0001 0.0005 0.0000 0.0003 S 

~ 
Mg 0.0000 0.0000 0.0000 0.0001 0.0000 0.0002 0.0000 0.0000 0.0000 0.0003 0.0002 0.0000 0.0000 0.0000 5· 
Ca 0.3308 0.3043 0.3274 0. 1894 0.2140 0.2207 0.1915 0.2397 0.3478 0.3576 0.2731 0.2613 0.2628 0.3115 w 

.j:>. 

Na 0.6268 0.6758 0.6718 0.8170 0.7987 0.7937 0.8132 0.7996 0.6602 0.6554 0.7199 0.7691 0.7622 0.6615 .j:>. 

K 0.0051 0.0092 0.0189 0.0266 0.0050 0.0055 0.0206 0.0027 0.0139 0.0143 0.0106 0.0088 0.0127 0.0127 
V n.d . 0.0005 0.0005 0.0003 0.0000 0.0004 0.0007 0.0004 0.0003 0.0000 0.0005 0.0001 0.0001 0.0005 
Cr n.d. 0.0000 0.0002 0.0000 0.0004 0.0000 0.0009 0.0000 0.0009 0.0000 0.0000 0.0000 0.0000 0.0002 
Ni n.d. 0.0000 0.0000 0.0003 0.0011 0.0000 0.0000 0.0007 0.0005 0.0000 0.0000 0.0003 0.0014 0.0002 w 

-.J 
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Table 14. Compositions of orthoamphiboles. 52 refers to ge- Table 15. Spinel analyses. iI c = inclusion in cordierite, 
drite in contact with gamet; 52a is a gedrite inclusion in gar- i/ g = inclusion in gamet. The other spineIs analysed have the 
net; and I3 and 60 refer to the alteration products of or- assemblage spl-opx-pl-Fe ox . 
thopyroxene. 

Code 19a- 62- 52b- 52 54b 61 
Code 52 52a I3 60 i/c ilg i/ g 

Si02 37 .90 38 .17 52.25 52 .52 Si02 0.03 0.01 0.23 0.02 0.03 0.02 
Ti02 0.46 0.29 0.10 0 .08 Ti02 0.02 0.00 0.09 0.09 0.02 0.00 
AIP3 16.91 16.04 4.79 4.86 Al20 3 57.71 61.30 62.10 60.29 59.47 59.43 
FeO 18.23 17.55 23.41 19.92 FeO 26.82 26 .33 25.90 29.99 25.52 16.89 
MnO 0.09 0.09 0.21 0.14 MnO 0.05 0.01 0.00 0.00 0.37 0.33 
MgO 16.33 17 .50 16.69 19.04 MgO 5.70 7.72 12.10 8.10 5.19 4.35 
CaO 0.23 0.27 0 .20 0.19 CaO 0.01 0.01 0.00 0.01 0.01 0.00 
Na20 2.09 2.27 0.42 0.54 Na20 0.19 0.08 n.d. 0.02 0.31 0.71 
K20 0.00 0.01 0.01 0.00 K20 0.00 0 .00 n.d . 0.01 0.04 0.00 
V20 3 0 .03 0.06 0.11 0.03 V20 3 0.70 0 .13 n.d. 0.05 0.01 0.02 
Cr20 3 0.04 0 .00 0.08 0.00 Cr20 3 2.32 0 .26 0.00 0.01 0.03 0.02 
NiO 0.00 0.00 0 .04 0.02 NiO 0.04 0 .07 n .d . 0.02 0.00 0.00 
ZnO n.d . n.d. n .d . n.d. ZnO 6.10 3.26 0.50 0.41 9.10 20.22 

Total 92.32 92 .25 98.32 97.34 Total 99 .70 99 .17 100.92 99.02 100.10 102.00 

Number of cations based on 22 oxygens Number of cations based on 4 oxygens 

Si 5.6184 5.6534 7.2455 7.2355 Si 0.0007 0.0004 0.0061 0.0005 0.0008 0.0005 
Ti 0.0508 0.0326 0.0108 0.0084 Ti 0.0005 0.0000 0.0018 0.0020 0.0004 0.0000 
Al 2.9541 2.8002 0.7833 0.7899 AI 1.9240 1.9939 1.9460 1.9691 1.9783 1.9778 
Fe 2.2604 2.1742 2.7145 2.2947 Fe 0.6344 0.6076 0 .5759 0 .6950 0.6024 0.3987 
Mn 0.0114 0.0112 0.0248 0.0160 Mn ,0.0012 0.0002 0.0000 0 .0000 0.0088 0.0080 
Mg 3.6089 3.8629 3.4495 3.9094 Mg 0.2402 0.3175 0.4795 0 .3345 0.2184 0.1831 
Ca 0.0372 0.0428 0.0299 0.0282 Ca 0.0005 0.0002 0 .0000 0.0002 0.0002 0.0000 
Na 0.6013 0.6516 0. 1137 0.1453 Na 0.0105 0.0044 n.d. 0.0010 0.0167 0.0391 
K 0.0006 0.0017 0.0014 0.0009 K 0.0000 0.0000 n.d. 0.0005 0.0014 0.0000 
V 0.0036 0.0067 0.0127 0.0028 V 0.0159 0.0029 n.d. 0.0012 0.0003 0.0004 
Cr 0 .0041 0.0000 0.0086 0 .0000 Cr 0.0519 0.0057 0.0000 0.0002 0 .0006 0.0004 
Ni 0.0000 0.0000 0.0042 0.0019 Ni 0.0008 0.0015 n.d. 0.0005 0 .0001 0.0001 
Zn n .d . n.d . n.d . n .d. Zn 0.1275 0.0663 0.0098 0.0084 0 .1897 0.4215 

Table 16. Iran oxide analyses and the magnetite-ilmenite temperatures according to Spencer & Linds1ey (1981). c=core, 
r = rim of grain. Fe20 J calculated from the analysis according to Carmichael (1967). 

Ilmenites Magnetites 

Code 20a-c 20a-r 59a-c 59a-r 20a-c 20a-r 59a-c 59a- r 

Ti02 50.00 51.20 46.60 46.20 0 .03 0.44 0 .07 0 .10 
FeO 45 .58 45 .94 44.65 44 .35 30.58 31.76 31.08 30.30 
Fe20 J 4.25 2.63 6.61 6.95 67 .97 68.87 68 .96 68.72 
MnO 0.03 0.04 0 . 19 0.12 0.00 0.00 0.00 0.09 
MgO 0.71 0.70 0.02 0 . 11 0.02 0.00 0.03 0.39 

Total 100.57 100.50 98.08 97.73 98.59 101.08 100.14 99.60 

Number of cations based on 3 oxygens Number of ca tions based on 4 oxygens 

Ti 0.9464 0.9669 0.9135 0.9088 0.0009 0.0126 0.0020 0.0029 
Fe2 0.9593 0.9647 0.9734 0.9702 0.9993 1.0122 0.9999 0.9771 
Fe, 0.0805 0.0497 0 .1297 0.1367 1.9985 1.9751 1.9962 1.9945 
Mn 0.0006 0.0009 0.0042 0.0027 0 .0000 0.0000 0.0000 0.0029 
Mg 0.0266 0.0262 0.0008 0.0043 0.0012 0.0000 0.001 7 0.0224 

T OC 428 487 495 484 



Table 17. The grt-opx-temperatures and pressures and the grt-opx-pl-qtz-pressures. TI =according to Harley (l984a); T2 =according to Perchuk et al. (1985); 
T) = according to Sen and Bhattacharya (1984); PI = P-Mg, P2 = P-Fe according to Perkins and Chipera (1985); p) = according to Newton and Perkins (1982); 
p. = according to Harley (1984b). An asterisk after the code implies that plagioclase is absent from the assemblage. Sam pie 58a** is from mangerite near the contacL 

Code Xc,Pl Xc.Grt XMgGrt XF,Grt XF,Opx aEnOpX aF,Opx XAPpx TI T2 T) PI P2 p ) p. 

Co res of large grains 

52c 0.343 0.031 0.336 0.591 0.430 0.286 0.129 0.142 799 774 912 4.3 5.9 5.4 5.5 
52a 0.216 0.031 0.356 0.603 0.452 0.254 0.153 0.166 883 834 1050 7.4 8.5 8.7 6.0 
54a 0.177 0.018 0.325 0.612 0.410 0.295 0.122 0.158 695 665 755 4.4 5.9 5.7 2.3 
53 0.322 0.043 0.279 0.642 0.479 0.251 0.204 0.058 804 821 920 5.4 5.8 5.8 12.2 
61 0.276 0.037 0.270 0.605 0.455 0.256 0.171 0.106 723 743 801 5.2 5.2 5.4 5.2 
18 0.374 0.030 0.329 0.628 0.455 0.255 0.178 0.116 825 805 955 4.0 4.8 5.3 7.5 
55d 0.328 0.032 0.323 0.619 0.477 0.237 0.184 0. 128 879 850 1043 5.2 5.9 6.3 7.7 

Orthopyroxene altered 10 gamet 

52 0.210 0.018 0.320 0.650 0.445 0.262 0.160 0.151 737 711 822 3.8 4.9 5.1 3.3 
54 0.183 0.018 0.310 0.617 0.420 0.281 0.132 0.163 685 659 742 4.2 5.3 5.1 1.7 
55 0.308 0.026 0.330 0.622 0.464 0.249 0.176 0.128 852 818 998 4.4 5.4 5.5 7.3 
55a 0.296 0.026 0.320 0.629 0.485 0.237 0.166 0.135 881 845 1050 4.7 6.0 5.9 7.3 
55b 0.308 0.025 0.296 0.655 0.468 0.252 0.160 0.133 751 741 845 3.3 4.5 4.2 4.1 
55c 0.293 0.037 0.280 0.658 0.380 0.359 0.135 0.025 614 618 641 3.3 4.8 4.2 13.8 

Gamet altered to orthopyroxene 

52b 0.230 0.020 0.322 0.650 0.406 0.312 0.125 0.135 658 646 704 3.0 4.8 4.5 2.6 
Cl 

52d 0.326 0.028 0.313 0.613 0.385 0.340 0.111 0. 115 641 637 678 2.8 4.5 3.5 3.5 (1) 

0 
52c 0.213 0.019 0.339 0.633 0.383 0.336 0.112 0. 133 652 630 693 3.2 5.2 4.7 2.9 Ö 

54b 0.187 0.019 0.281 0.640 0.418 0.291 0.125 0.144 614 613 645 3.6 4.6 4.2 0.7 
0<> 
ö· 

54c' 0.177 0.019 0.332 0.609 0.392 0.323 0.112 0.139 677 651 728 3.1 ~ 
C/l 

Contact zones of mangerites :; 
< 

63-45m. 0.360 0.045 0.177 0.716 0.540 0.193 0.266 0.026 
(1) 

647 718 699 3.8 2.8 2.9 11.6 '< 

56-3m . 0.316 0.031 0.243 0.708 0.532 0.197 0.255 0.084 754 787 855 3.9 3.5 4.3 6.8 0 .... 
57a-loom. 0.334 0.031 0.287 0.656 0.457 0.264 0.187 0.085 728 742 808 3.5 4.1 4.5 7.3 !! 

" 57-100m. 0.348 0.032 0.300 0.643 0.469 0.256 0.187 0.085 801 801 916 4.0 4.8 4.9 9.2 iii 
57b-loom. 0.350 0.040 0.257 0.676 0.468 0.262 0.178 0.086 671 716 729 3.8 4.2 4.3 5.2 " .P-
64-160m. 0.359 0.034 0.286 0.658 0.449 0.276 0.167 0.094 700 722 767 3.4 4.2 4.3 5.7 C!l 

58a" 0.354 0.040 0.206 0.728 0.593 0.155 0.303 0.060 805 852 936 4.8 3.8 4.5 9.6 =-
58-2m. 0.340 0.038 0.243 0.692 0.506 0.222 0.212 0.086 707 754 784 4.0 4.0 4.4 5.5 ~ 

5· 
59a-2oom. 0.253 0.030 0.218 0.706 0.537 0.193 0.226 0. 105 686 739 757 4.3 3.8 4.4 2.5 w 

.j:>. 

- orthopyroxene altered to gamet 
.j:>. 

5ge-2oom. 0.255 0.031 0.204 0.721 0.529 0.202 0.219 0.100 625 693 671 3.8 3.2 3.7 1.6 
59d-2oom. 0.247 0.032 0.188 0.729 0.507 0.232 0.215 0.054 569 646 593 3.3 2.7 3.0 4.8 
59c-2oom. 0.272 0.028 0.220 0.702 0.500 0.226 0.217 0.080 633 685 678 3.2 2.8 3.3 4.1 

w 

- gamet altered to orthopyroxene 'Cl 

59b-2oom. 0.251 0.031 0.190 0.736 0.501 0.234 0.208 0.068 551 628 570 3.1 2.5 2.7 2.6 
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The third group contains the results based on 
the analytical data on points close to the gamet 
rim and the compositions of the orthopyroxene­
plagioclase coronas formed as alteration products 
of gamet (T=613-677°C, P=4±0.8 kb). Or­
thopyroxene coronas such as these are clearly 
richer in Mg than are the large primary grains, 
which may imply that their composition was 
totally changed by later diffusion. Should this be 
the case, then the P-Mg (P 1 in Table 17) calcu­
lated according to Perkins and Chipera (1985) is 
too low for the time of formation, as the In K 
of the Mg reaction increases when the Mg in or­
thopyroxene is increased by diffusion. Accord­
ingly, the differences between P-Mg and P-Fe 
pressure values are highest, averaging 1.63 kb, 
in this group. When based on the compositions 
of the cores of the large grains, the differences 
average 0.87 kb, and are 0.59 kb in the mangerite 
contacts. 

According to Ellis and Green (1985), reaetion 
coronas may form below the blocking tempera­
tures of the cation exchange reactions. If this is 
what happened, then weak zoning in the pyrox­
ene corona, on gamet, may suggest that the eo­
rona was formed at temperatures below the 
blocking temperature of the cation exchange 

reaction. Figure 17b shows, however, that 
after the formation of the gamet corona, dif­
fusion took place between orthopyroxene and 
gamet. 

The fourth group comprises the analyses based 
on the compositions of the co res of the grains in 
the sam pies that were taken no farther than 200 
m from the contacts of the mangerite intrusions. 
The pressures are distinctly lower than in the first 
and second groups on average (P = 4 ± 0.5 kb, 
T = 647-801 0c), but almost equal to those in the 
third group. Analyses 63-45m, 56-3m and 
64-160m, are from the Lampaanjärvi block (1I). 
The orthopyroxenes of this group are conspicu­
ously rieher in iron and poorer in aluminium than 
elsewhere. 

Determinations 59c-200m, 59d-200m, and 
59c-200m, were based on the compositions of 
orthopyroxene and the gamet corona on it; 
59b-200m was ealculated from the eomposi­
tions of the margins of gamet (but not of the 
outermost rim) and the surrounding orthopyrox­
ene corona. The press ures and temperatures given 
by these determinations are the lowest recorded 
block from the granulite because of the high Fe 
content of the phases. 

Ilmenite and plagioclase inclusions in garnet 

Gamet 52b, which is a large grain 20 mm in 
diameter, contains abundant plagioclase, magne­
tite and ilmenite inclusions and some spinel in­
clusions . Figs 19 and 17a illustrate the zoning of 
this gamet grain. The Mg content first declines 
from the core towards the rim, and then increases 
slightly before declining steeply in the rim. The 
profile in Fig. 19 shows two other zones that are 
richer in Ca than the environment. The anorthite 
content of the plagioclase inclusions increases 
with the increase in the grossular component. The 
manganese content of the ilmenite inclusions first 
declines from the gamet core towards the rim, 
then rises and finally declines again. However, 
the ilmenite right at the edge of the gamet is fairly 

rich in manganese relative to the other ilmenites. 
This case excluded, the manganese content of il­
menite shows a slight positive correlation with the 
pyrope content of gamet (Fig. 20). 

Pressure and temperature were calculated using 
the grt-rt-ilm-pl-qtz barometer, GRIPS (Bohlen 
and Liotta, 1986) and the thermometer based on 
the partition of iron and manganese between gar­
net and ilmenite (Pownceby et al., 1987). Since 
the gamet is free from rutile inclusions the pres­
sure values represent maximum ones. The man­
ganese contents of gamet and ilmenite are very 
low, and hence the temperatures can be con­
sidered merely indicative . Ilmenite is invariably 
intergrown with magnetite, and the ilmenite-
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Fig . 20. The correlation between the XMg of gamet 52b and the XMn of its ilmenite inclusions. 

magnetite thermometer implies equilibration at 
low temperatures. This has affected the iron con­
tent of ilmenite and the grt-ilm partition coeffi­
cient. The manganese content of garnet is fairly 
constant (XMn = 0.008- 0.010) ; consequently, 
the calculated temperature is predominantly a 

function of the manganese content of ilmenite. 
The magnetite in contact with ilmenite contains 
very !ittle manganese or none at all. 

The thermometer shows a temperature that 
first falls , then rises and finally falls again from 
the core of the grain towards the rim. The In K 

Table 18. The GRIPS-pressures (Bohlen and Liotta 1986) and the gam et-ilmenite temperatures (Pownceby et a l. 1987, equa-
tion 13) for the inclusions in gamet 52b . The activities of almandine and grossular were calculated according to Ganguly 
and Saxena (1 984) and the activi ty o f anorthite according to Newton (1983) . Ilmenite is treated as an ideal solution. Num-
bers a fter the code refer to the Fig. 19. 

Code Xc.PI X' eGrt XMnGrt Xm.Grt Xc.Grt X' ellm XMn Ilm InK P kb T OC 
(GRIPS) 

52b-1 0.251 0 .612 0.009 0.359 0 .020 0.9194 0.0031 10.43158 5.7 742 
52b-2 0.243 0 .625 0.010 0.346 0 .020 0.906 0.0026 10.44287 4.8 640 
52b-3 0.392 0 .613 0.009 0.343 0 .035 0.9346 0 .0014 10.87951 3.2 474 
52b-4 0.427 0.603 0.011 0.337 0 .049 0.9335 0.0020 9.97109 4.2 515 
52b-5 0.433 0.606 0.010 0.337 0.047 0.9403 0.0011 10.27 102 3.0 395 
52b-6 0.213 0.624 0.009 0.347 0.020 0.9593 0.0033 10.12981 6.2 766 
52b-7 0 .237 0 .623 0.009 0.349 0 .019 0.9552 0.0028 10.68684 5.2 698 
52b-8 0.259 0.623 0.008 0.350 0.019 0.9544 0.0020 11 .26502 4.0 615 
52b-9 0 .226 0.629 0.009 0.346 0 .01 7 0.9512 0.0016 11.40417 3.1 514 
52b-1O 0.222 0.661 0.009 0.313 0.017 0 .9561 0.0025 10.98800 4.6 679 



of the GRIPS reaction first dedines from c. 10.4 
in the co re to c. 9.9 in the calcium-rich zone, and 
then increases to c. 11.3 dose to the rim (Table 
18). If the temperatures given by the thermometer 
refer to the growth of the grain, this implies that 
cooling was initially alm ost isobaric, but then 
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pressure increased slightly with the increase in 
temperature and the final cooling was with a 
small drop in pressure. According to the GRIPS 
barometer, the grains grew at 4-6 kb pressure, 
assuming that the lowest temperatures derived 
from the grt-ilm thermometer are too low. 

Age determinations 

U-Pb age determinations on zircon and titanite 
were made at the Isotope Laboratory of the Geo­
logical Survey of Finland from a gneissose quartz 
diorite from Mustikkamäki, which is located at 
the eastern margin of the granulite block (III) 
next to a fault. The mineral assemblage is hbl­
bt-cpx-pl-qtz-ilm-ttn-ap-zr ± opx. The rock is 
strongly retrograde; diopside has always altered 
to hornblende and hornblende to biotite. Titanite 
occurs frequently as coronas on ilmenite. There 
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are two zircon populations, long gemlike needles 
and stumpy ones, whose ages are between 1895 
and 1915 Ma. There are also two sorts of 
sphenes, light and dark brown, whose ages are 
1855-1864 Ma. 

Data on the two zircon fractions consisting of 
long needle-like crystals (A, C) having LlB ra­
tios of 7 or more and on two fractions of stumpy 
zircons «B, D; L/ B 2-3) are plotted on the U­
Pb concordia diagram (Fig. 21) . The U-Pb data 

o + ZIRC O N 

• TITAN ITE 

-

I 

5.0 

Fig. 21. U-Pb concordia diagram for zircons and for titanites from the Mustikkamäki pyroxene quartz-diorite, Pielavesi . 
Crosses mark the long zircon crystals, circles mark the short, stumpy zircons . Letters refer to the analytical data in table 

19. Fraction C (weight 0.7 mg) includes close to 3 070 uncertainty . 
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on four fractions define an ambiguous discor­
dance pattern, the chord to wh ich would give an 
upper intercept with concordia at 1890 ± 77 Ma 
(2 sigma). This resultant chord does not, 
however, have real age significance, because, ex­
cept for fraction A, the 207Pb1206Pb ages of 
moderately discordant age patterns are high er 
than 1890 Ma. Fraction C (0.7 mg) can be ig­
nored because of the large uncertainty due to the 
206Pb1204Pb ratio. The age limits on the con­
cordia diagram define the continuous diffusion 
trajectories through fractions A and D. 

For present purposes, the important point is 

the age difference between zircon and titanite. 
The titanite fractions differ in content of urani­
um and common lead as can be seen in Table 19. 
The dark brown titanite crystals (F) picked by 
hand from density fraction 3.3-3.4 g/ cm 3 are 
fairly rich in uranium (194 ~g/g) and in common 
lead (206Pb / 204Pb 442). 

The heavier fraction, E, is quite clean of com­
mon lead (6/ 4 = 1214) and has uranium only 33 
~g/g. This fraction consists of light brown 
titanite mixed with one quarter of dark brown 
crystals. 

PTt evolution 

The results from the studies of the metamor­
phic reactions and thermobarometry can be sum­
marized by stating that metamorphism culminat­
ed in the Pielavesi granulite block at apressure 
of about 5.5 kb and at a temperature of 800-
880°C. This stage was reached during the first 
or second deformation event, as implied by the 
mineral growth associated with the early defor­
mation thoughout the area (Pajunen, 1986 and 
1988; Ward, 1988). The poikiloblastic areas in 
the cores of the garnet grains (Fig . 7) may indi­
cate that crystallization was rapid at the onset of 
crystal growth, but that later it was more 
equilibrated, resulting in the formation of asolid 
grain margin. 

The culmination was followed by isobaric cool­
ing (Fig. 22), during which the net transfer reac­
tions produced garnet coronas. 

The information obtained from the zoning and 
the inclusions in garnet 52b is indicative of a sec­
ond thermal pulse. This concept is supported by 
the zoning of many garnets, with the Mg contents 
increasing close to the rim. 

Some ages on the gneissose granitoids of the 
craton margin are indicative of orogenic events 
about 1920-1930 Ma aga (Helovuori, 1979; 
Korsman et al., 1984). At Laajamäki in the Pie-

ite has also been dated with the U-Pb of zircon 
at 1920 Ma (Vaasjoki & Sakko, 1988). However, 
the zircon from the garnet-cordierite-orthopyr­
oxene rock at Sahinperä gives an age of 1889 ± 3 
Ma (Vaasjoki & Sakko, op.cit.), wh ich proba­
bly refers to metamorphism. Within error limits, 
the age is the same as that of the mangerite in­
trusion at Vaaraslahti, 1884 ± 5 Ma (Salli, 1983). 
The U-Pb age on zircon from the high-grade ther­
mal aureole of the Vaaraslahti intrusion in 
1892 ± 5 Ma (Vaasjoki and Sakko op.ciL). 

So the evolution of the granulite facies 
metamorphism in the Pielavesi block may be 
caused by two successive magmatic pulses with 
a cooling period between them. 

The pressure was, however, lower in the con­
tact zones of the mangerite intrusions than else­
where in the area. rt is conceivable that the large 
intrusions retained their heat for a long time, and 
so crystallization took place at the contacts when 
the crust had already been slightly uplifted. The 
lavesi block an intensely deformed gneiss gran­
alternative is that the PT path advanced anti­
clockwise during the contact metamorphic heat­
ing as crystallization took place at the contacts 
earlier and at lower pressure. The large poikilo­
blastic garnet grains rich in quartz inclusions and 
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Fig. 22 . The possible PT! path of the Pielavesi granulite zone. a = V-Pb age of zireon, b = V-Pb age of monazite, C V-
Pb age of sphene. 

Table 19. V-Pb analytieal data for zireons and titanites from the pyroxene quartz diorite, Mustikkamäki, Pielavesi. 

Sampie Fraetion Coneentration 206Pb Isotopie eomposition Atom ratios and 
no . (gl ern ' ) j.lg/ g 204Pb 

of lead radiometrie ages, Mo 
0 = grain size, 

238u 206Pb 
measured 206 Pb = 100 

206Pb 207 Pb 207 Pb j.lm 
204 207 208 238u 235 u 206Pb 

A86-Mustikkamäki, Pielavesi; pyroxene quartz-diorite 

A86A 4.3 < d < 4.45 448.3 121.33 18437 .000092 11.520 7.468 .3128 4.968 . 11519 
long crystals ± 18 ± 31 ± 17 

1754 1813 1883 

B 4.3 < d < 4.45 456.1 124.98 23481 .001980 11.622 5.866 .3167 5.063 .11595 
stumpy ±23 ±38 ± II 

1773 1829 1894 

C 4.2 < d < 4.3 576.6 152.60 585 .15138 13 .723 23 .996 .3059 4.93 . 1168 
long erystals ±28 ±16 ± 32 

1720 1806 1908 

D 4.2 < d < 4.3 699.2 182.32 1566 .06044 12.399 7.431 .3013 4.812 .11582 
stumpy ± 38 ±62 ±23 

1697 1787 1892 

E titanite 32.98 9.57 1214 .07639 12.435 6 .398 .3354 5.272 .11400 
3.5 < d < 3.6 ± 21 ± 37 ± 27 

1864 1864 1864 

F titanite 193.7 55.98 442 .22295 14.367 11.897 .3340 5.225 .11346 
3.3< d < 3.4 ±30 ±50 ±30 
dark brown 1857 1856 1855 

238u = 1.55125 x 1O- lO/ a 
235u = 9.8485 x 1O- IO/ a 
atomie ratio: 238u1235u = 137.88 
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the sector-twinned cordierite in the vicinity of the 
mangerites are indicative of rapid crystallization 
during contact metamorphism. In that case the 
mineral compositions would not have been re­
equilibrated in the contact zone even though the 
thermal effect of the intrusions extended rather 
far, for example, in block II (Fig. 1), and crys­
tallization was more equilibrated farther from the 
contacts. 

The press ures given by the orthopyroxene co­
ronas (Table 17) are similar to those in the con­
tact zones of the mangerites, about 4.5 kb; so the 
corona formation may be connected with the 
contact metamorphic heating. On the other hand, 
the zoning and indusions, e.g. in gamet 52 b (Fig. 
19), show evidence of cooling and heating dur­
ing the gamet growth the orthopyroxene corona 
formation being the last textural event; so it prob­
ably denotes the beginning of block uplift. 

During the final stage, intense rehydration 

reactions took place, altering cordierite into bio­
ti te and sillimanite or andalusite, and or­
thopyroxene into orthoamphibole. Alterations of 
this kind are visible both within and outside the 
contact aureoles. The gamet-biotite intergrowths 
are also related to the later cooling stage, as is 
the equilibration of the magnetite-ilmenite pair. 
The mag-ilm temperatures calculated according 
to Spencer and Lindsley (1982) for the granulite 
area are less than 500°C (Table 16). The U-Pb 
age on monazite at Sahinperä is 1873 ± 5 Ma, and 
refers to cooling down to about 500-600°C 
(Vaasjoki & Sakko, 1988). According to Mattin­
son (1982), the U-Pb system in titanite appears 
to dose at ca. 450-500°C. Titanite ages from 
Mustikkamäki show that these temperatures were 
achieved ca. 1860 Ma ago. The K-Ar ages of 
biotite are 1770-1790 Ma in the granulite zone 
(Haudenschild, 1988). 

DISCUSSION 

The crystallization history of rocks is related 
to macrotectonic processes in the area, as theo­
retically demonstrated by Thompson and Eng­
land (1984). The reactions between minerals in 
the tectonically thickened parts of the crust reflect 
an isothermal drop in pressure near the meta­
morphic culmination, as shown by studies und er­
taken in the Alps and Caledonides (Droop and 
Bucher-Nurminen, 1984; Selverstone et al., 1984; 
Johansson and Möller, 1986). On the other hand, 
there are numerous cases, mainly in Precambri­
an granulite areas (Sandiford and Powell, 1986), 
in which the maximum temperature was followed 
by isobaric cooling. Isobaric cooling has been as­
sociated with extension of the crust (Sandiford 
and Powell, op.ciL), magmatic thickening of the 
crust (in which case the PT path is antidockwise, 
Bohlen, 1987) or, in the case of tectonically thick­
ened crust, with the PT history of the rocks bu-

ried at the greatest depth, at which, once isostatic 
equilibrium was attained, cooling continued iso­
barically (Ellis, 1987). 

According to Bohlen (op. ciL), typical features 
of many granulites are: a maximum temperature 
of c. 800°C at c. 7.5 ± 1 kb pressure; tempera­
ture rat her than pressure differences in relation 
to the surrounding rocks of the amphibolite fa­
cies; almost isobaric cooling following the cul­
mi nation of metamorphism; and coarse-grained 
sillimanite. Bohlen attributes these features to 
magmatic thickening of the crust, as the temper­
ature maximum is reached before the pressure 
maximum and the rocks remain in the sill iman­
ite field for a long period during their crystalli­
zation history . Broadly speaking, these specifi­
cations describe the Pielavesi granulite area, too. 
True, the coarse-grained sillimanite is rare, but 
then sillimanite is predominantly aretrograde 



mineral; therefore, cooling started in the silliman­
ite field. 

In the light of age determinations and detailed 
petrography and thermobarometry, it would ap­
pe ar that two strong thermal pulses were effec­
tive in the area, of which the latter, which took 
place 1890 Ma ago, was associated with tension­
al magmatism, as maintained by Marttila (1976) 
and Korsman et al. (1984). 

As stated by Korsman et al. (1988), the evolu-
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tion of the southern part of the Svecofennides 
differs in many aspects, e.g. temporally , from the 
northern part. Study of the cooling history of the 
Pielavesi granulite area shows that near the Ar­
chaean craton margin the high-grade rocks were 
already relatively cold 1860 Ma ago, whereas the 
granulites in southern Finland reached the ther­
mal maximum 1830-1810 Ma BP (Korsman et 
al. 1984). 
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Appendix. Map coordinates of sam pie localities. 

Code Map sheet x-coord. y-coord. Code Map sheet x-coord. y-coord. 

I 3323 120 7065.42 497.54 33 3323 070 7046.77 486.71 
2 332407C 7073.04 485.70 34 331409C 7030.80 487.46 
3 3323 10C 7042.91 499.19 35 332308A 7054.41 482.10 
4 33230lC 7043.54 469.27 36 332307C 7042.74 489.64 
5 331212A 7032.04 454.70 37 3314080 7029.90 486.80 
6 331208B 7028.78 443.33 38 3314080 7029.91 486.78 
7 331208B 7028.98 443.32 39 331408B 7027.40 481.52 
8 3323 10A 7044.89 492.02 40 331408B 7027.46 481.09 
9 332307A 7043.41 484.38 41 332306C 7062.42 477.14 

10 331409C 7033 .95 487 .29 42 332306A 7062.30 472.67 
11 3314080 7029.68 487.23 43 331402A 7024.24 463.30 
12 331409A 7030.35 484.68 44 331402C 7021.43 468.03 
13 3314080 7029.73 486.85 45 3314 12B 7035.58 491.90 
14 3314080 7029.85 486.83 46 3314090 7035.04 487.22 
15 332307A 7042.55 483 .98 47 331409C 7031.29 488.29 
16 331408B 7027.40 481.12 48 331409C 7030.84 487.44 
17 3314060 7038.07 476 .45 49 332307A 7040.70 483.85 
18 332304C 7043.42 479.10 50 331408B 7027.49 481.08 
19 332305C 705 1.34 478.84 51 332304B 7049.96 474.47 
20 332305C 7052.70 477 .53 52 332305C 7052.05 478.10 
21 332307A 7043 .06 482.18 53 332307A 704 1.41 483.39 
22 332302C 7054.70 468.20 54 332305C 7051.82 477.07 
23 332404B 7077.47 472.74 55 332307A 7044.64 483.10 
24 3323030 7069.86 469.64 56 331409C 7030.40 487.07 
25 3321 IOD 7045.39 459.38 57 332307A 7042.55 483.98 
26 3321 10C 7042.53 456.59 58 331408B 7028. 10 483.25 
27 331212A 7031.70 454.70 59 332304B 7045.70 474.50 
28 332307C 7042.42 486.38 60 332306A 7060.92 474.36 
29 331405B 7029.62 473.70 61 3323 07B 7045.55 483.16 
30 3321 080 7056.64 446.84 62 3323050 7055.46 476.13 
31 331403B 7036.31 464.41 63 331409A 7031.25 484 .76 
32 3321 06C 7062.30 439.55 64 3323 08A 7052.62 482.23 

Age det, 3314090 7038.85 487.20 
sampie, 
Mustikkamäki 
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