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AB BREVIA TIONS 

Abbreviations to the text by Pen tti H ö lttä ( p . 27). Abbreviations used In the text fo ll ow th e 

usage of Kretz ( 19 83). 

a ls AI
2
SiOs mineral 

a nd a nd a lu s ite 

bt biotite 

e rd eo rdierite 

epx e l i no py roxen e 

e um e ummin g tonite 

diat diatexite 

e p e pidote 

g ph g ra phite 

g rt ga rnet 

hbl ho rnbl e nde 

he he rey nite 

ilm ilm e nite 

kfs potassium feld s pa r 

ky kya nite 

m s mu seovite 

o px orth o pyroxene 

pi plagioclase 

po pyrrhoti te 

qtz quartz 

s i I s illim anite 

s pl spine l 

s t s ta urolite 

s ti e s ti e to lite 

ttn titan ite 
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MINERALOGY AND GEOCHEMISTRY OF THE VAARASLAHTI 
PYROXENE GRANITOID IN PIELA VESI , FINLAND 

by 

SEPPO I. LAHTI 

Lahti , S. I. 1995. Mineralogy and geoche mi stry of the Vaaras lahti pyroxe ne 

granito id in Pie laves i, Finland. Geolog ical Survey of Finland, Bulletin 382, 

5-25. 10 f igures and 5 tables. 

The Pa leoprote rozoic Vaaras lahti pyroxene granito id intrusion is s ituated 

in the Pi e laves i d istri ct, Central Finl and , near the Archaean - Proterozoic 

boundary. The stock is roughl y rec tangul ar with dimensions 3.5x2 km, and it 

contains xeno liths of surroun ding Svecokare li an gne isses and pl utoni c rocks. 

The U/Pb age of 1. 884 Ga is typical fo r synkinematic Svecokare li an intrusive 

rocks. The hi gh empl acement temperature of the g ranito id mag ma produced 

a wide the rmometamorphi c aureo le around the stoc k. 

T wo intru sive phases have been recogni zed in the stock, an o lde r quart z 

syenitic and a younger granitic ph ase with qu artz syenite also present as 

brecc ia frag ments of va ry ing size in the granite . Bo th rock types are coarse 

grained and porphyritic. The main minera ls are K- fe ldspar, o li goc lase-andesine , 

quartz , bi otite, orthopyroxene and locall y hornbl ende. K-fe ldspar is usua ll y 

inte rmed iate microcl ine, but its structure va ry largely between max imum 

mic roc line and orthoc lase. Ortho pyroxene, bio tite and ho rnbl ende are all 

iron-rich va ri eties . 

Min e ra log ica ll y a nd geoc he mi ca ll y th e intru s io n shows I- type 

characteri sti cs , with an A/CNK rati o of 1.0 - 1. 1, initi a l 87Sr/86Sr 0.7048 and 

8180 of 7.1, a ll of whi ch a re rathe r low . An earli e r isoto pe geo log ica l study 

shows that the initi a l E Nd value of -0.6 does not dev iate from va lues repo rted 

far other syntec to ni c Svecokare lian granitoids. T he roc ks of the Vaaras lahti 

intrus ion, espec ia lly the quartz syeniti c intrusion phase , a re exceptionally 

enriched in iron, potass ium and barium, and in th is respec t di ffe rs from most 

other Svecokare li an g ranito ids. 

Key words (GeoRef, T hesa urus AGl ) : granites , pyroxene grou p, qua rtz 

syenite , quartz monzonite, minera logy, geochemis try, Pa leoproterozo ic, 

Pielaves i, Centra l Fin land 

Seppo I. Laht i, Geo log ical Survey of Fin land, FIN-02 150 ES POO, 

FlNLAND 
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INTRODUCTION 

Th e Vaa ras lahti po rphyriti c pyroxene gra n
ito id int rus io n is s itu ated in Ce ntra l F inl a nd , 

a bo ut 15 km no rth of Pi e laves i c hurc h v illage 
(F ig I ) . Thi s area is cl ose to th e bo unda ry 
be twee n A rc haea n a nd Pro terozo ic roc ks, a nd 

li es w ithin so ca ll ed R aa he- Ladoga suture 
zo ne . T he roc ks aro und the Vaa ras la hti intru

s io n a re typi ca l Pro te rozo ic S veco ka re li a n 
pe liti c-se mipe liti c sc hi sts and g ne isses w ith 
vo lca ni c roc k inte rca la ti o ns . Irreg ul a r to na l
ite-g ra nodi o rite , di o rit e-ga bbro a nd g ra nit e 

intru s io ns a re a lso c ha rac te ri s ti c of th e area . 
Gra nites are ofte n po rph yriti c and loca ll y o rtho

pyroxene-bea ri ng. 

Pi e laves i ma p shee t (Sa lli 1977), a nd the pe
trog ra phy of the roc ks has been desc ribed in 

th e acco mp a ny in g ex pl a na to ry notes (Salli 
1983). Th e s tudi es by M a rttil a ( 1976, 1977 , 
198 1) a lso conta in deta il ed geo log ica l info r
ma ti o n a bo ut the reg io n a nd a sho rt pe tro

g ra phi ca l o utline of the py roxene g ra n ito ids in 
the ne ig hbo urin g Kiuruv esi di s tri c t. 

The Vaa ras la hti py roxe ne- bearing g ra nito id 
s toc k is s itu a ted in t he NW pa rt o f the 33 14 

Th e to na liti c intru s io ns o f th e Pi e la ves i
Kiuruves i a rea a re ofte n fo li a ted a nd g ne is
sose, but th e py roxene g ra nito id s do no t s how 
a ny tec to ni c fa bri c. Th e xe no lith s fo und in th e 

V aa ras lahti gran ite indi ca te th at it is youn ge r 
th a n th e surroundin g g ra nod io rites , tonalites , 
sc hi sts a nd g ne isses . Th e U-Pb z irco n age 

f ro m the Vaa ras la hti gra nite is 1.884 G a (Sa lli 
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Fig. I. Geologica l map of the Vaaraslahti py roxe ne gra ni LO id stock. 
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1983) , a nd the rocks ca n be therefo re c lass i
f ied as be lo nging to the sy nk in e mati c gro up of 

Sveco ka re lian ig neous roc ks. 

Th e te mpe rature of th e py roxe ne gra nite 
mag ma durin g intru s io n was so hi g h th a t a 
co ntac t aureo le developed aro un d the stoc k. 
The grade of me ta morphi sm of the s urround
ing roc ks varies between a mphibo lite a nd gra n
ulite fac ies. N um erous fa ult s , however , la ter 

d ivided the a rea in to severa l b locks d iffe rin g 

in metamorphic grade . The ge nera l tec to no meta-
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morphic evo lu tion of the Raahe-Ladoga zo ne 
has bee n di scussed by Ko rsm an e t a l. ( 1984) 
a nd Ko rs ma n e t a l. ( 1988) , whil e me ta mo r

phi s m in th e Pie laves i area was s tudi ed by 
Höltt ä (1988). 

A V/Pb isoto pe s tud y of th e rocks s urro und
in g the Vaa ras la hti in t ru sio n was publi shed by 
V aasj o ki a nd Sakko ( 198 8) . Subseq ue ntl y, 
Haude nsc hil d (l995) s tud ied th e Rb-S r, K-Ar 

a nd oxygen iso tope c he mi stry of the rocks and 
di sc ussed the coo lin g hi story of the in tru s io n. 

GENERAL DESCRIPTION OF THE GRANITOID STOCK 

T he Vaa ras la hti grani to id intru s io n is a rec
ta ng ul a r s tock meas urin g 3. 5 km x 2 km . Th e 

SW a nd SE co ntac ts be tween th e intru s io n and 
the surro undin g g neisses a re exposed ; e lse

w here , the marg in of the stoc k is abscure d by 
e ros io na l va ll eys a nd f ill ed with g lacia l ove r
burd e n. T hese va ll eys fo llow lin ea r NW-SE 
and NE-S W tre nd ing f ractu res , which are char
acte ri s ti c of the reg ion. Because the graniti c 
rocks have been more res istant to eros ion than 
t he sc hi sts, the stoc k te nd s to fo rm hill y terrain 

and represents an e levated area in the loca l 
topography. 

The low-a lt itu de a irborne mag neti c maps 
produ ced by the Geo log ica l S ur vey of F inla nd 
(tota l inte ns ity, sheet 33 14 09 T o mmo nm äki 
a nd 33 14 08 V aaras lah ti , sca le I : 20000) in

d icate inte rn al hete rogene ity wi thin the Vaa
ras la hti gra ni toi d s toc k, refl ected by s li g htl y 
mag neti c a nd less-mag ne ti c va ri e ti es. Detail ed 

f ie ld s tudi es a nd ma ppin g o f th ese roc k types, 
sampling, petrographi cal studies , che mica l a na
Iyses a nd pe troph ys ica l meas ure me nts of the 
rocks have co nfi rmed the compos ite na ture of 
the intru sio n. 

The s tock is ma inl y co mposed of coarse

gra ined gra nit e , w hi c h brecc ia tes th e o lde r 
qu artz sye niti c - mo nzo ni t ic ph ase . T hese two 
ma in rock types neverthe less often c lose ly re 
se mbl e eac h o ther in min e ra logy a nd f abri c so 
th at the ir recog niti o n in the f ie ld may be d if-

f ic ult. The mos t s ig ni f ica nt differences is that 
th e graniti c va ri e ti es are ri c her in q ua rtz and 
ofte n s li g htl y coarser in g ra in s ize th a n th e 

syenit ic ones. T he q uartz syeni te- mo nzo nite 
frag me nts are ra ndo ml y di s tributed thro ug h
o ut the w ho le stock. T he ir s ize gene ra ll y va r
ies fr o m severa l squ a re me tres to seve ra l hec
tares , but seve ra l large r ho mogeneous q uartz 
syenite areas a re also prese nt. T he co ntact 
be twee n the gra nite a nd th e syenite is usua ll y 
sharp , as indi ca ted in F ig. 2 . 

The la rge r qu artz sye niti c fr ag me nts a re 

c learl y di sce rnibl e o n the ae ro mag ne ti c low 
a ltitude ma p , because the mag ne ti c suscep ti 
bili ty of the q ua rt z syenite ( 1000-8000 x 10.6 

SI unit s) is usuall y mu c h hi g he r th a n th a t of 
g ranite ( 100-800 x 10.6 SI unit s). T he mag net

ic a no ma li es fo rm a ng ul ar patte rn s o n the 
aero mag ne ti c maps , re fl ecting the brecc ia s tru c 
ture of th e intru sio n . 8 0 th roc k types show 

excepti o na ll y lo w susce ptibility va lu es in th e 
no rthe rn part of the s toc k, wh ic h indicates 
tha t the mag net ite co nte nt of the qu a rtz sy 
e nite is hi g he r in th e so uthe rn pa rt , as a res ult 
o f vari a ti o n in c rys ta lli zati o n conditi o ns w ith 
in the intr us io n. 

Both gra ni te and quartz syeni te contain s mall 

a mo unts of xe no lit hs ; mos t typica ll y these are 
ro undi sh frag me nts of mi ca sc his t a nd var io us 
g ne isses ; medium -gra in ed e nc laves of to na lite 
o r gra nodi o rite are a lso present (F ig. 3) . T he 
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Fig. 2. Contact between a coarse-gra ined orlhopyroxene-bearing granite (at right) and quartz monzonitic 
e nclave atthe hili Särkimäki, nea r the SE contac t of the Vaaraslahti inlrusion. Scale bar is 10 cm long. 

Fig. 3. S mall rou ndi sh IOna lile xenolith in a granite to the north of the eenlra l part of the intrusion (north 
of Honka vuor i). The le ngth of lhe xeno lith is about 10 c m. 



xenoliths and enclaves are most common near 
the contacts of the intrusion , but rare in the 
middle of the stock . Most of them are very 
smalI, several centimetres or occasionally so me 
decimetres in diameter and are sparsely dis
tributed throughout the rock. Near the south 
western contact of the intrusion, between the 
hills Pirttilänvuori and Hirvivuori there is 
large tonalite fragment at least several tens of 
square meters in extent, although its exact 
size and contact relations have not been fully 
established. Large schist xenoliths are also 
present along the SE contact of the intrusion 
between the hills Honkavaara and Yijäkönmäki. 
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Distinctive fine-grained black graphite-bear
ing inclusions , five to fifteen centimetres long 
and composed mainly of normal granitic min
erals are locally abundant , and they occur in 
both the granitic and quartz syenitic varieties. 
The carbon isotope composition of one such 
graphite accumulation (containing 3.7 % car
bon) taken from the northern part of the stock 
gave a 813 C value of 23 % (PDB) , which does 
not deviate markedly from the mean isotopic 
composition of organic carbon in sedimentary 
rocks. This indicates that the graphite-bearing 
inclusions are restitic after almost totally remelt
ed graphite-bearing schist inclusions. 

CLASSIFICATION OF GRANITOID TYPES 

The rocks comprising the Vaaraslahti intru
sion are so coarse-grained that point counting 
of minerals in thin section does not give sta
tistically reliable modal compositions. There
fore , rock names were defined using the Q ' 
A OR classification based on normative min
eral abundances computed from the total rock 
analyses (see Streckeisen & Le Maitre 1979) . 
The CIPW weight norms were computed from 
X-ray fluorescence analyses of the rocks and 
plotted on the Q ' -ANOR classification dia
gram (Fig. 4). The total iron from the X-ray 

fluorescence data was di vided before the norm 
computation into FeO and Fe

2
0

3 
using the 

equation given for plutonic rocks by LeMaitre 
(1976). As Fig . 4 indicates , the data plot in 
four compositional fields: syenogranite , mon
zogranite, quartz syenite and quartz monzonite. 
The data points are not randomly scattered, 
but form two clearly defined groups. The term 
quartz syenite is used in this study for rocks 
that plot in both the quartz syenite and quartz 
monzonite fields. 

PETROGRAPHY AND MINERALOGY OF THE GRANITOIDS 

Fresh rock surface is greenish or gray , but 
weathered surface of both the granite and the 
quartz syenite is brown. The outcrops are 
locally , especially on the lee side of hills , 
covered by a soft preglacial saprolite (grus) 
layer, which may be several decimetres thick. 
The soft weathered rock contains large potas
sium feldspar crystal fragments embedded in 
clay mineral-bearing sandy or silty matrix 
(Lahti 1985) . Tors and separate strongly weath
ered boulders are also common . 

The two main rock types are coarse-grained 

and often slightly porphyritic. The quartz and 
plagioclase grains in the groudmass are 1-5 
mm in diameter , but the K-feldspar pheno
crysts are larger, 1-3 cm in length. Coarser 
varieties with less-developed porphyritic tex
ture are known from the northeastern corner 
of the intrusion. Only one thin granite pegm
atite dyke , which is very simple in mineralo
gy , was found to cut the coarse bioti te granite 
in the northeastern part of the intrusion (at the 
hilI Yijäkönmäki). 

There are only slight mineralogical differ-



10 Geo logical Survey of Finland , Bulletin 382 
Penlli Hölttä (ed.) 

Q50~~-----r----------------------, 

40 

30 

204---+-~~---4------------------~ 

10 

o 20 40 60 80 100 

ANOR 

Fig. 4 . Q ' -ANOR c lassificati on of the rocks from the Vaaraslahti intrusion. A 
data plot in the monzogranite - syenogranite field (dots) and quartz syenite -
quartz monzonite fie ld (ci rcles). 

e nces betwee n the g ra nite and the quartz sy

e nite . The main mineral s in the quartz sye nite 
are K-fe ld spa r, plag ioc lase, qu a rt z , biotite , 

o rth opy rox e ne , and loca ll y hornbl e nde . Th e 

g ranite is s imil ar in min era logy except it is 

ri c he r in qu art z and co ntain s less mafic con

stitue nt s and potassium fe ldspar th an th e qu a rt z 

sye nite. Myrm eki tic quartz-a lkali fe lds par te x

tures are typi ca l in th e g ra nite , but not in th e 

qua rt z sye nite (F ig. 5). 

The rocks usua ll y conta in bo th biotite a nd 

o rthopyrox e ne as major mafic consti tuents. 
The amount of orthopyroxene is a lways less 

than that of biotite and biotite is the only 

mafic mineral in so me va ri e ti es of g ra nite. 

Minute amounts of hornbl e nde may occur as 

a n a lterat ion product afte r orthopyroxene. For 

exa mpl e, coarse biotite gra nite is do minant in 

th e eas tern co rn e r of th e intrusion at Yijäkön

mäki . Altered ort hopyroxene is brown , a nd 

therefore easy to observe on th e rock surface. 

K-fe ldspar is tran s luce nt , a nd g ree ni s h or 
g rey is h in co lour. It ma inl y occ ur s as ph e no

c ry s ts 1-3 c m in le ng th . Thin sec tion a nd X

ray diffraction s tudi es s ho w th at th e min e ra l 

is usuall y c ry ptoperthiti c or mi c rope rthiti c in 

termediate mi c roc line (Fig. 6). Tartan-twinned 

domains are c haracte ri s tic in th e K-feld spar 

phenocry s ts espec ially in quart z- and biotite

rich g ra nit e varie ti es in which o rthopyrox e ne 

is rare or abse nt. Zoned mi croc lin e c ry sta ls 

a re common. Sm a ll myrmekiti c a lka li -fe ld 

spa r quart z g rain s of la te r generation a re typi

ca l between the K-fe ldspar ph e nocrys ts in the 

g ranites. 

Microprobe analyses of the K-fe ldspars are 

g iven in T ab le 1. C he mi ca l analyses show that 

K-fe ld spa r is exceptionally e nri c hed in ba r

ium . The Ba concentration of the K-fe ld spar 

increases sym pat hetica ll y with increasin g Ba 
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Fig . 5. Photomicrograph of porphyritic pyroxene-bearing granite . K-fe ldspar phenocrysts (Jower right) 
often show tartan lwinned domains (k). Myrmekitic tex ture is common at rims of the feldspar crystals. 
Onhopyroxene (0) occurs lyp icall y ins ide lhe biolile (b) aggregates. Biolile and qllartz mayaiso occur as 
myrmekite- like intergrowths (Jeft of middle). 
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204 reflections (CuKa, -peaks) we re measured from lhe X-ray powder diffractograms and plotted on the 
diagram of Wri ght ( 1968). 



Table I . Microprobe analyses from K-feldspar and plagioclase sam pies. Succes s ive K-feldspar and plagioclase analyses are from IV 

the nei gbollrin g crysta ls. Chemical analyses by Bo Johanson. Jeol Superprobe 733 and natural mineral standards were used in the 
determinations. 

2 3 4 5 6 7 8 9 10 1I 12 13 14 15 16 '00 
'" Cl> ~~ 
::-. 0 

SiO, 64.15 60.08 63 .22 57.38 65.44 57.27 64.31 58.94 63.58 60.43 65.16 61.15 65.18 60.74 65.83 61.72 :I;~' 
TiO~ 0.00 0.0 1 0.0 1 0.00 0.03 0.0 1 0.04 0.00 0.03 0.00 0.00 0.00 0.02 0.01 0.00 0.00 C: CJ :::--
AI ,Ö, 18.09 23.99 18.0 I 25 .09 18.37 24.75 18.38 24.80 17.90 24.84 17.97 23.88 18.28 24.5 1 18.53 24. 11 :;: C/) 

c 
FeOtol. 0.00 0.05 0.02 0.03 0.00 0.05 0.00 0 .04 0 .02 0.0 1 0.00 0.04 0.0 1 0.07 0.03 0.06 ~~ K, O 14.49 0.40 14. 17 0.25 13.5 1 0.24 12.39 0.35 13.78 0.29 13.23 0.39 14.23 0.35 12.94 0.24 ~'< 

N;I, O 1.38 8.18 1.68 7.24 1.92 7.38 2.55 7.33 1.64 8.25 1.79 8.02 1.54 7.85 2.54 8.29 0 ...., 
CaO 0.03 5.82 0.03 7.45 0.05 7.27 0.20 7.09 0 .02 6 .27 0.02 5.56 0.06 6.30 0 .09 5.74 "Tl 

BaO 0.25 0.04 0.55 0.08 0.49 0.04 0.62 0.00 0.50 0.00 0.16 0.02 0.40 0.01 0.22 0 .00 :> 
;;;-

SlIlll 98.40 98 .57 97.68 97.53 99.80 97.01 98.49 98 .55 97.48 100.09 98.34 99.08 99.71 99.83 100 .1 7 100. 16 :> 
.?-

atoms ba sed on 8 oxygensl rormula 
Ol 
~ 

~ 

Si 3.00 2.71 2.99 2.63 3.0 1 2.64 3.00 2.67 3.00 2.69 3.03 2.74 3.00 2.71 3.01 2.74 :> 
... , 

Ti 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 0.00 0.00 00 
IV 

AI 1.00 1.28 1.00 1.36 1.00 1.35 1. 0 1 1.32 1.00 1.30 0.98 1.26 0.99 1.28 1.00 1.26 
Fe 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 0.00 0 .00 
K 0.87 0.02 0.66 0.0 1 0.79 0.0 1 0.74 0.02 0.84 0.02 0.78 0.02 0.84 0.02 0.75 0.0 1 
Na 0 .1 2 0.72 0. 16 0.64 0. 17 0 .66 0.23 0.64 0.15 0.71 0.16 0.70 0. 14 0.68 0.22 0.7 1 
Ca 0.00 0 .28 0.00 0.37 0.00 0.35 0.0 1 0.34 0.00 0.30 0.00 0.27 0.00 0.30 0.00 0.27 
Ba 0.00 0.00 0.00 0.00 0.0 1 0.00 0.0 1 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

1= K-reldspar, 374-S IL-85 , in quartz syen ite 9 K-fe ldspar, 6 15-S IL-83, in quartz monzonite 
2 = Plagioclase, 374-S IL-85 , in quartz syen ite 10 = Plagioclase, 615-S IL-83 , in q ll artz monzonite 
3 = K- fe ldspar , 45 1-S IL-85 , in quartz syenite 11 = K-fe ldspar , 462-S IL-85 , in granite 
4 = Plag ioclase. 45 1-S IL-85. in quartz syenite 12 = Plagioclase , 462-S IL-85 , in granite 
5 = K- re ldspar , 455-S IL-85, in quartz syeni te 13 = K-fe ldspar , 464-S IL-85, in granite 
6 = Plag ioc lase , 455-S IL-85, in quartz syenite 14 = Pl agioc lase, 464-S IL-85 , in gran ite 
7 = K-fe ldspa r, 471-S IL-85 , in q ll arlz syenite 15 = K-re ldspar , 465-S IL-85, in granite 
8 = Plagioc lase , 471-S IL-85 , in qua rtz sye nite 16 = Plag ioc lase, 465-S IL-85, in grani te 



in the whole rock. The K-feldspar sampies 
derived from the quartz syenites usually con
tain 0.4 - 0 .6 wt% BaO, whereas the concen
trations are slightly lower in feldspars from 
the granitic rocks. 

Plagioclase is dark grey In colour. Micro
probe analyses indicate that the composition 
varies from oligoclase to andesine (Table I 
and Table 5) . Granitic varieties always con
tain oligoclase with an anorthite content be
tween 25 and 30 mol. %, whereas in the quartz 
syenitic parts the anorthite content varies be
tween 25 and 37 mol. % . The crystals are often 
zoned and the compositional variation may be 
substantial even within a single crystal. Thin 
section studies show that the crystal laths are 
often curved. 

Quartz is grey or bluish , and usually occurs 
as large anhedral crystals between the feld
spars. In so me varieties the crystals are bro
ken, and undulating extinction shows that the 
grains have been strained . 

Biotite f1aky aggregates occur between the 
feldspar and quartz crystals. Myrmekite-like 
intergrowths between biotite and quartz are 
locally common . The mineral is dark brown in 
thin section. Microprobe analyses indicate 
that the mineral is always rich in iron and poor 
in octahedral aluminium , thus corresponding 
to a very annite rich variety. So me repre
sentative microprobe analyses are given in Ta
ble 2. The Mg/Fe+Mg ratio of biotite is be
tween 0.15 and 0.35 , and the iron content of 
the biotite increases as Fe in the whole rock 
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increases. 
Orthopyroxene occurs as subhedral to an he

dral prismatic crystals or crystal aggregates, 
commonly associated with biotite or horn
blende . In thin section the mineral is light 
brown with a violet tint and is strongly pleo
chroic. The results of the microprobe analyses 
show that the mineral is rich in iron (Table 3) , 
having 70-80 mol. % ferrosilite in the granites 
and 78-83 mol. % in the syenites. Green horn
blende often occurs as an alteration product 
around orthopyroxene crystal laths. 

Dark green hornblende is a major ferromag
nesian mineral in some granite varieties. It 
occurs as separate crystals often associated 
with biotite flakes or as an alteration product 
after orthopyroxene. Chemical analyses indi
cate that the mineral is rich in iron , and cor
responds to ferro-edenite in composition (Ta
ble 3). 

Accessory minerals identified during min
eral separation and microscopic studies in
clude: ilmenite , magnetite , zircon , monazite , 
apatite , garnet, anatase, pyrite, molybdenite, 
and chalcopyrite. Zircon occurs as long, pris
matic needles with well-developed pyramidal 
surfaces. The crystals may contain small bio
tite inclusions. Small garnet crystals were 
observed in granite types rich in schist xeno
liths. Anatase seems to be an alteration prod
uct and replaces ilmenite. The heavy mineral 
concentrates are mai nl y composed of i I meni te 
and magnetite , with sulfide minerals being 
relatively rare. 

GEOCHEMISTRY 

About sixty rock sampies from various parts 
of the intrusion were analysed for major ele
ments and some rare elements using dia mond 
drill core sampies. A Minidrill diamond drill 
was used for sampling , and core sam pies were 

usually about 30 cm long. Sampies selected 
for chemical analyses were as fresh as pos
sible, and strongly weathered sam pies were 
rejected. About 0.5 to 1.0 kg of core material 
were crushed on average for each analysis. 
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Tabl e 2. Mi crop robe ana lyses for biol ile from var ious rock lypes of lh e Vaaras la hli inl ru-
sion. n.d. = nOI delermined. Chemica l ana lyses by Bo Johanson. Jeo l Superprobe 733 and 
natural mineral slandard s were used in lhe delerminalions. 

2 3 4 5 6 7 

SiO , 34.73 33.03 34.97 34.62 35.57 35.75 35.87 

TiO, 4.4 1 4.22 4.71 4.34 4.42 4.35 4.37 

AI ,0 3 14.28 13.75 13.88 14.55 14.17 14. 10 13.84 

Cr,O l 0 .0 1 0.01 0.02 n.d. 0.04 0 .04 0.02 

V,O, 0.02 0.08 0.11 0.09 0.07 0.04 0.07 
FeOIOl. 3 1.08 30.19 30. 18 30.08 27.63 27.25 26.4 1 
MnO 0. 14 0. 12 0. 17 0.14 0.1 1 0.09 0 .11 
MgO 3.57 3.54 3.76 4.0 1 5.63 6.12 6.74 
CaO 0.01 0.00 0.04 0.05 0.01 0.03 0.0 I 
BaO 0.22 n.d. n.d. n .d. n.d. 0.17 0.12 

K,O 8.90 8.46 8.65 8.72 9 .1 7 8.95 9.22 
Na,O 0. 14 0.02 0.09 0.09 0 .1 2 0.52 0.07 
Sum 97.5 1 93.4 1 96.58 96.70 96.93 97.4 1 96.85 

aloms / formul a based on 22 oxygens 

Si 5.51 5.46 5.56 5.49 5.56 5.56 5.59 
AI(4) 2.48 2.53 2.43 2.50 2.43 2.43 2.40 
AI(6) 0. 18 0.15 0.16 0.21 0.18 0.15 0.13 
Ti 0.52 0.52 0 .56 0.51 0 .52 0.50 0.51 
Cr 0.00 0.00 0.00 n.d. 0.00 0 .00 0.00 
V 0.00 0.01 0.01 0.01 0.00 0.00 0.00 
Fe 4.12 4.18 4 .0 1 3.99 3.61 3.54 3.44 
Mn 0.01 0.0 1 0.02 0.01 0.01 0.01 0 .01 
Mg 0.84 0.87 0.89 0.94 1.3 1 1.42 1.56 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ba 0 .02 n.d. n.d. n.d. n.d. 0.02 0.01 
IY 5.72 5.76 5.68 5.72 5 .66 5.68 5.70 
K 1.80 1.78 1.75 1.76 1.83 1.77 1. 83 
Na 0.04 0.00 0.02 0.02 0.03 0.15 0.02 
LX 1.84 1.79 1.78 1.79 1.87 1.93 1.86 
Fe/Fe+Mg 0.83 0.83 0.82 0 .8 1 0 .73 0.71 0.69 

I = Bi olite, 6 15 -S IL-83, in quartz monzonile 
2 = Biolile , 45 1-SIL-8 5 , in quartz syenile 
3 = Biolile, 458-S IL-85, in quartz syenile 
4 = Biolite, 470-S IL-85 , in quartz monzo nile 
5 = Biotile, 465-SIL-85 , in grani le 
6 = Biolile , 645-S IL -83, in grani te 
7 = Biolile , 641-S IL -83 , in gran i le 
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Table 3. Mieroprobe ana lyses for orthopyroxene and horn blende from var iou s rock type s of the Vaa-
ras lahti stock. Chemical analyses by Bo Johanso n. Jeol Superprobe 733 and nat ura l mineral standards 
we re used in the determination s. 

2 3 4 5 6 7 8 9 10 11 12 

SiO, 49.15 47.67 48.84 48.09 48.79 47.91 47.96 48.50 42.0 1 40.89 41.35 40.97 
TiO, 0.19 0.16 0. 13 0.19 0.13 0.17 0.10 0.20 1.72 1. I I 2.08 1.14 

AI,03 0.59 1.38 0.57 0.46 0.4 1 0.53 0.00 0.45 10.08 I I. 5 I 9.95 10.41 
Cr,OJ 0.01 n.d. 0.00 n.d . 0.01 0.01 0.03 0.01 0.00 0.00 0.03 n.d . 

V,OJ 0.05 0.03 0.02 n.d . 0.03 0.05 0.02 0.05 0.02 0.05 0 .09 n.d. 
FeOtot. 40.16 40. 32 42.54 43.60 44.73 45.12 45 .32 44.94 29.35 28.0 1 27.49 27.00 
MnO 0.58 0.66 0.93 0.82 0 .95 0.96 0.93 1.00 0.29 0.33 0.24 0.15 
MgO 9.11 7 .39 7 .70 5.52 5.45 5.49 5.28 5.16 2.94 2.99 3.50 3.82 
BaO n.d. n.d. 0.02 n.d. 0.01 0.00 0.02 0.00 0.00 0.03 0.07 n.d. 
CaO 0.91 0.35 0.50 0 .95 1.09 0.90 0.77 1.04 9.82 10 .24 10.07 10.44 
Na,O 0.05 0.02 0.01 0.05 0.03 0.04 0.10 0.06 1.62 1. 62 1.87 1.63 
K,Ö 0.00 0.02 0.01 0.01 0.01 0.01 0.03 0 .00 1. 10 1.38 1.44 1.19 
Sum 100.82 97.99 101 .27 99.70 101.64 101.19 100.87 10 1.4 1 98.95 98. 16 98. 18 96.75 

atoms / formula based on 6 oxygens in o rthopyroxen e and 23 oxygens in hornb lende 

Si 1.98 1. 98 I. 98 2.00 2.00 1. 98 1.99 2.00 6.59 6.46 6 .53 6.54 
AI(4) 0.0 1 0.01 0.0 1 0.00 0.00 0.01 0.00 0.00 1.40 1.53 1. 46 1.45 
AI(6) 0.0 1 0.05 0.0 1 0 .03 0.02 0.01 0.01 0 .02 0.46 0.6 1 0.39 0.50 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.20 0 . 13 0.24 0. 13 
Cr 0.00 n. d. 0 .00 n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.d. 
V 0.00 0.00 0.00 n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.01 n.d. 
Fe 1.35 1.40 1.44 1. 52 1.5 3 1.56 1.57 1.55 3.85 3.70 3.63 3.60 
Mn 0.02 0.02 0.03 0.02 0.03 0.0 3 0.03 0.03 0.03 0.04 0.03 0.02 
Mg 0.54 0.45 0.46 0.34 0.33 0 .33 0.32 0.3 1 0.68 0.70 0.82 0.90 
Ba n.d. n.d. 0.00 n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.d. 
Ca 0.03 0.01 0.02 0.04 0.04 0.03 0.03 0.04 1.65 1.73 1.70 1.78 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.49 0.57 0.50 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.27 0.29 0.24 

Fe/Fe+Mg 0.71 0.75 0.75 0.8 1 0.82 0 .82 0.82 0.83 0.84 0.84 0.81 0.79 

I = Orthopyroxene , 464-S 1L-85 , in granite 

2 = Orth opyroxene, 462 -SIL-85 , in grani te 
3 = Orthopyroxe ne , 641 -SIL-83 , in granite 
4 = Orthopyro xene , 455-S IL-85, in qu art z syenite 

5 = Orthopyroxene , 615-SIL-83, in qu art z monzonite 

6 = Orthopyroxene , 637A -S IL-83 , in quartz sye nite 

7 = Orthopyroxene , 637A-S IL -83 , in quartz sye nite 

8 = Orlhopyroxene , 6 15-S IL-83, in quartz monzonite 

9 = Hornbl e nde , 6 15-S IL-83 , in quartz monzonite 
10 = Horn blende , 615-SIL-83 , in quart z monzonite 
11 = Hornblende , 6 16-SIL-83, in quart z sye nite 
12 = Horn ble nde , 456 -SIL-85 , in granite 
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Major elements 

Re presentati ve c he mi ca l a na lyses from th e 
vari o us ro c k types o f th e intru s io n (22 an a
Iy ses) are g iv e n in T a ble 4. Fi g ure 6 show s 
va ri a ti o n di ag ra ms for th e maj o r e lements. 
The qu a rt z sye nites a nd g ranit es form two 

ho moge neo us gro ups , w hi c h a re sepa rated by 
a S i0

2 
co mpos iti o na l ga p fro m 66 to 69 we ight 

% . Th e Si0
2 

co nte nt of th e qu a rtz sye nites a nd 

mo nzo nit es va ri es between 62 and 66 we ig ht% 
a nd th a t of the g ra nit e betwee n 69 a nd 74 
we ig ht % . 

In additi o n to thi s bimoda l di s tribution of 

a na ly ti ca l points with respect to Si0
2 

content , 
maj o r e le me nt data form a di stin c t tre nd de

c reas ing to wa rds the graniti c e nd-me mber com
pos iti o ns (Fi g . 7). The sca tter of da ta is s lig ht -

Iy less in th e qu art z syenite g ro up th a n in the 
g ra nit e g ro up. Th e concentrati o n o f K a nd Fe 
in both th e ma in rock types is excepti o na lly 
hi gh. Th e mea n concentrati o ns of K , C a, Na , 
Fe and Mn a re hi g he r in the qu a rt z sye nite, 

because it co nta in s more fe ld spa rs a nd mafi c 
mine ra ls th a n the g ranit e. In additio n , pl ag i

oc lase fro m the qu artz syenite has a hi g he r 
a no rthite co mpo ne nt , a nd a ll mafic minera ls 
(b io tite, o rth o pyro xe ne a nd ho rnbl e nd e) a na 
Iysed fro m qu a rtz syenites s how highe r co n
ce ntrati o ns of iro n th a n those fr o m th e g ra n
ites . Th e co ncentra tion s of M g a nd Ti a re lo w 

(o ft e n be lo w 0 .5 %) , a nd do no t sho w any 
re mark a bl e va ri ation s . 

Minor elements Ba, Sr, Rb, Sc and Zr 

X- ray flu oresce nce a na lyses of so me min or 

e le me nts of the rocks a re g ive n in T a bl e 4 a nd 
va ri a ti o n d iag ra m s fo r Ba, Rb , Sr a nd Zr in 

Fi g . 8 . Th e c he mi ca l analy ses indi ca te th at 
Ba, Sr , Sc and Z r a re enri c hed in quartz sy
e nites , w he reas Rb shows nea rl y s imilar con

te nt s in bo th g ra nites a nd qu a rt z syenites, o r 
e lse is marg in a ll y co nce ntra ted in g ra nites. Sr 

va lues a re elose to t he de tec ti o n limit in th e 
g ra nite. 

The c he mi ca l a nal yses show th a t the co n

te nt s of trace e le me nts do no t differ s ig ni f i
ca ntl y fro m th ose g ive n prev io us ly by Nurmi 

( 1984) fo r th e va riou s S veco ka re li a n g ran i

to ids. An excepti o n is , however, barium , whi c h 

see ms to be hi g hl y enri c hed in the py roxe ne
bearin g g ra nito id s . The ra nge of B a is be

tw een 600 a nd 1600 ppm in the g ra nites and 
be twee n 1600 a nd 3400 in the qu a rt z sye nites. 
Ba is a lm os t to tall y in corp o ra ted in K-fe ld 
spa r a nd th e hi g hes t conte nt s are in K-fe ld par 
sampIes deri ved from the quartz syenites . Mi cro

probe dete rmin ati o ns indi ca te th at K- fe ldspa r 
has 0. 2 - 0.6 wt% B a , whe reas th e conce ntra

ti o ns o f thi s e le me nt are be low 0. 0 I wt % in 
o th e r mine ra ls. 

Rare earth elements 

Thirtee n qu artz sye ni te a nd s ix g ra nite sa m
pi es we re s tud ied a nd the rare ea rth e le me nts 
we re fo und to be prefe re nt ia ll y co ncentra ted 
in the yo un ges t g ra niti c di ffe re nti a tes of the 

intru s io n. A sum of rare ea rths (9 analysed 
e le me nts) is betwee n 100 a nd 200 in qu art z 
sye nites a nd 200 a nd 500 ppm in g ra nit es. Th e 

di ag ra m sho wing the sum o f R EE:s plotted 

aga ins t S i0
2 

is give n In F ig . 9 ( Iowe r ri g ht 
part) . Th e data c lu s ter w ithin a res tr ic ted area 
fo r th e qu a rt z sye nites, w he reas those fo r 

g ra nite sa mpi es are wid e ly sca tte red . 

The ra re ea rth di s tribu t io n spec trum f o r 
bo th g ra nite a nd qu art z syenite is g ive n in th e 
uppe r part of F ig. 9. Th e c ur ves sho w th e 

limits of R EE va riation s in th e sa m pi es s tud -
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Fig.7. Variation diagrams fo r major elements from the Vaaraslahti intrusion. X-ray f1uorescence analyses; see Table 4. 
CircJes mark quartz syenites , dots mark granites. 

ied. The curve for granite is s teeper and show s 
more variation than that for quart z syenite. 
The CeN/YbN ratio , which indicate s fraction
ation between heavy and light REE ' s, is 5- 10 
in th e quartz sye nites and 15-40 in the gran-

ites (F ig. 9 , lower ri ght part). Moreover , the 
REE di stribution curve for quartz syenite has 
europium maximum , whereas for the granites 
the curve has a Eu minimum . 
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Table 4. Repre se ntati ve analyses of various rock types in the Vaaraslahti intru s ion. X-ray 
f1uorescence ana ly ses determined at the Geochemical Laboratory of the Rautaruukki Com-
pany. Note: n.d. = element not determined. 

2 3 4 5 6 7 8 9 10 II 

SiO, 63.46 65.50 62.30 63.93 63.52 66.59 65.14 64 .23 63 . 10 62.70 65.57 
TiO, 0.59 0.62 0.73 0.69 0.42 0.45 0.54 0.54 0.59 0.55 0.44 

AI , O, 16.94 15.84 16.94 16.21 18.96 16.47 16.94 17. 31 17.64 16 .92 15 .95 
Fe,O, tot. 5.73 5.19 6.55 6.18 3.70 4.12 4.90 5.22 5.55 5.20 4.13 
MnO 0.08 0.07 0.57 0.50 0.28 0.18 0.22 0.31 0.30 0.53 0.37 
CaO 2.66 2.49 2.77 2.50 2.52 1.88 2.02 2.36 2.39 2.28 1.78 

Na,O 3.44 3.23 3.308 0.08 0.05 0.06 0.07 0.07 0.07 0.08 0.06 
MgO 0.29 0.72 0.9 3.20 3.91 3.09 3. 12 3.39 3.27 3.43 3 .36 
K, O 6.02 5.65 5.85 5.92 6.11 6.59 6.36 5.94 6.35 6.28 6.82 

P,O, 0 .00 0.00 0.00 0.00 0.11 0.11 0. 17 0.18 0.19 0.17 0.07 
Sum 99 .21 99 .31 99.18 99.21 99.58 99.54 99.48 99.55 99.45 98.14 98.55 

Ba 2590 1620 2490 25 10 1860 2 140 3050 2530 2880 3370 2150 
Sr 140 160 150 140 150 120 140 140 150 190 240 
Zr 800 410 800 800 580 630 700 680 790 540 450 
Rb 108 11 3 106 97 127 111 95 8 1 96 140 190 
Sc 23 16 33 24 11 21 21 19 19 19 19 
Th 3 12 10 16 5 4 2 3 I 2 5 
Co 44 46 36 33 8 5 6 7 6 12 14 
CI' n.d. 146 n.d. 134 n.d. 111 75 112 105 20 20 
w 236 213 174 166 22 3 4 4 3 62 82 

I = Quartz monzonite , 15-S IL-86 , x= 7032. 10 , y= 3487.20 
2 = Quartz monzonite, 22-SIL-86 , x= 7030.00 , y= 3486.50 
3 = Quartz monzonite, 453-SIL-85, x= 7032.60, y= 3487.30 
4 = Quartz monzonite, 468-SIL-85 , x= 703 1. 70 , y= 3486.38 
5 = Quartz syen ite , 374-STL-85 , x= 7031.52 , y= 3487.82 
6 = Quartz sye nite , 377-S IL- 85 , x= 7029.78 , y= 3486.00 
7 = Quartz sye nite , 382-SIL-85 , X= 7031.26, y= 3486.93 
8 = Quartz syenite, 384-S IL- 85 , x= 703 1.97 , y= 3486.30 
9 = Quartz sye nite , 380-S IL- 85 , x= 703 1.72, y= 3486. 10 
10 = Quartz sye nit e , 636A-SIL-83 , x= 7031.10, y= 3486. 15 
I I = Quartz sye nite. 616B-SIL-83 , x= 7030.00, y= 3486.05 

THERMOMETRY AND BAROMETRY 

Two-feldspar geothermometry wa s applied 
in estimating crystallization temperature of 
the intrusion, and calculated using the feld
spar analyses and the equation given by Hasel
ton et al. (1983). The two-feldspar thermo
meter of Haselton et al. (1983) gives highly 
variable crystallization temperatures from 

540° C to 780°C, where the lowest temperatu-

res evident ly represent cooling. The pressures 
obtained using the experimental aluminium
in-hornblende barometer of John so n & Ru 
therford (1989) are 3.9 - 5.3 kbars , and in one 
aluminous hornblende 5.1 - 6.1 kbars. The 

empirical hornblende barometers of Holli s ter 
et al. (1987) and Hammarstrom & Zen (1986) 

give pressures which are I - 1.7 kbars higher 
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Table 4 cont. 

12 13 14 15 16 17 18 19 20 21 22 

S iO, 63. 14 66.29 70.56 71.00 70.48 71.36 7 1. 10 7 1.17 71.66 68.74 69.87 
Ti O, 0.56 0.45 0.34 0 .34 0.36 0.37 0.40 0.38 0.34 0.39 0.39 
AI,O, 17.71 16.42 15.25 14.30 14.76 14.24 14.67 14.80 15.38 16 .05 15.70 
Fe,O, tot 5.53 4.36 2.87 3.22 3 .07 3 .09 3.19 3.19 2.77 3.36 3.20 
MnO 0.08 0.06 0.03 0.04 0.04 0 .04 0.03 0.00 0.04 0.04 0.03 
CaO 0.56 0.38 0.38 0.33 0.37 0.37 0 .36 0.62 0.48 0.13 0.61 
Na,O 2.56 1. 98 1.70 2.08 1.84 1.79 1.60 1.68 1.76 1.77 1.51 
MgO 3.67 3.22 3.05 2.87 3.10 3 .02 2.88 3.28 3.13 3.17 0.26 
K,O 6 .51 6.97 5.42 5.28 5.49 5.21 5.38 5 .31 5 .29 5.90 5.48 
P,O, 0 . 16 0.09 0 .1 0 0.00 0.00 0.00 0.11 0.11 0.08 0.10 0.08 
Sum 100.48 100.22 99.70 99.46 99.5 1 99.49 99.72 100.54 100.93 99.65 100.13 

Ba 31 10 2270 927 1240 2730 11 10 1070 989 10 10 1380 1220 
Sr 2 10 150 110 11 0 11 0 100 100 120 180 100 150 
Zr 530 450 240 290 280 300 250 190 170 510 2 10 
Rb 90 111 135 n.d. 10 1 120 127 140 11 0 11 8 130 
Sc 18 18 8 n.d . 23 9 10 12 8 8 8 
Th 3 4 14 n.d . 2 4 8 16 20 14 23 
Co 14 19 7 n.d. 33 42 10 18 17 6 19 
Cr 19 12 151 170 n.d. 15 1 n.d. 18 23 n.d. 17 
W 76 96 3 n.d. 157 22 1 34 122 103 23 11 0 

12 = Quartz syenite. 637 A-SIL-83, x= 703 1.25, y= 3486.20 
13 = Quartz syen ite, 616-S IL-83 , x= 7030.00, y= 3486.05 
14 = Mo nzogran ite, 383-S IL-85, x= 7032. 16, y= 3486.24 
15 = Monzogran ite , 469-S IL-85 , x= 703 1. 74, y= 3485.95 
16 = Monzogran ite , 462-S 1L-85, x= 7032. 10 , y= 3486.28 
17 = Monzogranite , 465-S IL-85, x= 7032.10, y= 3486.28 
18 = Monzogran ite, 372-S IL-85, x= 7031.33, y= 3476.80 
19 = Monzogran ite. 643A-S IL-83,x= 703 1.60, y= 3488.05 
20 = Monzogranite, 645-S IL-83, x= 7032.05 , y= 3486.90 
21 = Syenogranite , 373-S IL-85 , x= 7031.76, y= 3487.40 
22 = Syenogranite, 641-S IL-83, x= 7030.55, y= 3485.80 

than the Johnson & Rutherfo rd pressures, respec- country rock us in g o th e r geoba ro me tri c me th -
ti ve ly. The Jo hn son & Ruth e rfo rd press ures ods (Hö lttä 199 5). Th e re is no ev ide nce fo r 
are in good ag reement with the pressures ob- press ure o r tempe ra ture diffe re nces be twee n 
ta in ed fo r th e contac t me tamorphi s m of th e g rani tic and qu art z sye niti c rock ty pes. 

DISCVSSION 

On the bas is of its 1.884 Ga V/Pb z irco n age 
(Sa lli 1983), th e Vaaras lahti pyro xe ne-bear-

ing granite fa ll s to th e group of sy nkin emati c 
Svecoka re li an g ranitoids , whi ch have V/Pb 
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Fig. 8. Variation diagrams fo r some trace e lements from the Vaaras lahti intrusion. X-ray fluorescence ana lyses. Circ les 
quartz syen ites and dots granites. X-ray fluorescence analyses; see Table 4. 

ages rang ing between 1.8-1.9 Ga (Huhma 1986). 
Althou g h these rock s a re most co mmonly to
nalites a nd granodiorites in composition, por

ph yriti c granite va ri et ies are a lso abundant. 
Wahl ( 1963 ) de mon strated th at coa rse pyrox
ene g ranitoids in Finland are c lose ly associ
ated with the Raah e- Ladoga s uture zo ne , but 
the prese nt author later found porphyritic py
ro xe ne- bearin g g raniti c, quartz sye nitic and 

mon zo nitic rocks closely resemblin g those of 
the Vaaraslahti stock s poradicall y distributed 

throughout the whole Central Finland Gran
itoid Compl ex (see Lahti 1985) . 

The porphyritic pyroxe ne-bearing gra nito ids 
see m to form a geochemica ll y and minera logi

ca ll y coherent igneous roc k group. The radio
metrie U/Pb ages report ed for some of the 
rocks are also close to eac h other: An age of 

1.887±16 Ga was given by Korsman et al. 
( 1984) for the porphyritic pyroxene bearing 
gra nitoids in the Ra utala mpi a rea (Ha ukilam 

pi , Rautalampi ), 1.886±3 Ga by Patchett & 
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Fig. 9. REE d istribution (chondrite normalized values) in thirteen quartz syenite and six granite sampies (upper part of the 
fig ure) and the sum of nine REE plolled against SiO, in quartz syeni tes (cire les) and granites (dots) . Neutron activation 
ana lyses determined at the Reactor Laboratory of the Techn ical Uni vers ity of He lsinki. 

Kouvo (19 86, see also Gaa l & Ra uh amä ki 
197 1) fo r th e pyro xe ne g ran i to id s in th e Ran
tasa lmi area (Voinsa lmi , Rantasa lmi ), and 1.87 1 
± I Ga by M äkiti e & L ahti ( 199 1) for th e 
pyroxe ne g ranito ids in th e llm aj oki -Ja lasj ärv i 
area south of th e tow n Se in äj ok i in W -Fin 
land . 

Th e 1. 88 4 Ga Vaa ras lahti intru s ion (Salli 
1983) is youn ge r th an the loca l qu a rtz diorite
tona lit e-gra nodi o rite intru s ions, but the age 
d iffe re nce is no t dras tic . The radi o me tri c U-

Pb age of th e Mu stikkamäki gne issose qu art z 
di o rite so uth wes t from th e Vaaras lahti intru 
s ion is a round 1.890 G a (Hö lttä 19 88). Ac
co rdin g to Ko rs man et a l. ( 1988) and Hö ltt ä 
( 1988) the prog ress ive s tage of me tamorph i m 
in th e a rea was assoc iated w ith D I-D z defor
mation s, the age of wh ic h broadl y co in c ided 
with the 1.890 Ga g ranitoids. Th ese s tudi es 
a lso sugges t th at mu ch of the defo rm ati on was 
completed befo re the emplacement of the yo ung
e r pyroxe ne- bea rin g granites. 
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Table 5. Crystallizatio n temperatures (TOC) of certain rock types from the Vaaraslahti intrusion computed on the 
basis of two fe ldspar thermometry. The mo le fractions (X) were computed us ing the feldspar analyses given in 
Tab le I (K= K-fe ldspar. P= p lagioc lase). T he equations given by Haselton et al. (1983) were used in the rmome tr ic 
co mplI ta t ions. 

Rock samp ie no. TOC XCa K 

Q uartz sye nite 374-S IL-85 537 0.002 

Quartz syeni te 45 1-S IL-85 631 0 .00 1 

Quartz syeni te 455-S IL-85 674 0 .002 

Q lI a rt z syen ite 47 1-S IL-85 780 0.0 10 

Qu. monzoni te 615-S IL-83 593 0.00 1 

Granite 462-SIL-85 6 16 0.00 1 

Granite 464-S IL-85 576 0.00 1 
Granite 465-SIL-85 701 0.003 

Th e brecc ia s tructure of th e V aa ras la hti 
s toc k indi ca tes th a t th e me lt intruded in two 

maj or pul ses. F irs t , th e q uartz syeni t ic me lt 
asce nded a nd c rys ta ll ized a t a n un know n crus
ta l leve l. La te r, th e m ore frac ti o nated g ra niti c 
ph ase d is ru pte d th e qu a rtz sye niti c- mo nzo nit 

ic roof par ts of t he mag ma c ha mbe r, intrude d 
to hi g he r c ru s ta l leve ls a nd c rys ta ll ized soo n 

a fte r the c ulmin a ti o n of the prog ress ive me ta
mo rphi s m . Multiphase intru s io n of th e pyrox
e ne g ra nito id mag ma ma y be co nn ec te d to th e 
ac ti ve a nd lo ng- l i ved thru s ti ng a nd shea ri ng 
of the ea rth c ru s t in th e Raa he-L adoga suture 

zo ne. 
T he porp hyr it ic p yroxe ne-bea rin g g ra nito id 

intru s io ns in ce ntra l F inl a nd see m to have a 

pro mine nt the rm o metamo rphi c aureo le aro und 
th e m ca used by the hi gh intru s io n te mpe ra ture 
of th e me lt. Th e Vaaras la hti g ra ni to id stock is 
s urro und ed by a rim o f co mpl ete ly me lted and 
rec rysta lli zed roc k a nd a hi g h g rad e meta mo r
phi c a ureo le . Quite s imil ar co ntac t phe no me

na ca n be d e tec ted for exa mpl e a ro und the 
IImaj o ki -Ja lasj ä rvi porphyriti c pyroxene g ra n
ito id (qu a rt z mo nzonite) intru s io n (Lahti & 

M äkiti e 1990), wh ic h is a lso s li g ht ly yo un ger 
(a bo ut te n milli o n years) th a n th e o th e r sy n
o roge ni c rocks of th e s urro undin g a rea (M ä ki 
ti e & La hti 199 1) . 

In the Vaa ras lahti in tru s io n the co ntac t me ta-

XNaK X KK XA nP XAbP XOrP 

0. 126 0.872 0.276 0 .701 0.023 
0.152 0.846 0 .357 0.628 0.014 

0.177 0.820 0.348 0.638 0.014 
0.236 0.754 0 .341 0.639 0.020 
0. 153 0.846 0.29 1 0.693 0.0 16 
0 .1 70 0.828 0.271 0.707 0.023 
0. 141 0.856 0.301 0.679 0.020 
0.229 0.767 0.273 0.713 0.014 

mo rphi c reac ti o ns of min era ls ca n be traced 
fa r fro m the co ntac t of th e s tock as de mo n

s tra ted by Hö lttä ( 199 5) in hi s detai led stud 
ies. The c rys ta lli za t io n te mperatures of th e 
roc ks d e te r m in ed us ing two fe ld spa r the r
mo me try show va ri a ti o n f ro m 540° to 780°C 

(see T a bl e 5). T he la rge ra nge of va lues o b

v io usly indi ca tes s low coo lin g processes of 
t he fe ld s pa rs a nd th e int rus ion it se l f. Th e 

o bse rva ti o n is in good ag ree me nt with th e 
min e ral og ica l studi es, whi c h ind ica te th a t K
fe ldspa r is a lways very he te roge neous. 

The X- ray di ffr ac ti o n d e termin at io ns show 

that K-fe ld spa r is usua ll y inte rm e di a te mi c ro
c line, bu t th e ra nge o f the st ru c tura l va ri e ti es 
is la rge, fro m tri c lini c maxi mum mi c roc li ne to 
nea rl y mo noc lini c o rth oc lase (F ig. 6). The 

thin sect io n s tudi es s ho w th a t th e c rys ta ls a re 
oft e n zo ned a nd th e twinn ed tri c lini c d o ma in s 
a re co mm o n in untwinn ed ph ases (F ig 5). The 
small my rm e kit ic a lkali fe ldspa r-qu artz g ra in s 
of th e la te r ge ne ra ti o n , c rys ta lli zed ve ry la te, 

poss ibl y in sub so lidu s co nditi o ns. 

Geo c he mi ca ll y th e S veco ka re li a n sy nkine
m ati c g ra nito ids a re usua ll y ca lc-a lka lin e and 
show I-ty pe c harac te ri s ti cs (F ro nt & N urm i 
198 7) . Th e roc ks o f the Va a ras la hti intru s io n, 
es pec iall y th e qu art z syeniti c intru s io n ph ase, 
a re ex cepti o na lly e nri c hed in iro n , po tass ium 

a nd barium , and in thi s res pec t diffe rs from 



most o th er S veco kare li a n gra nito ids. Es pe

c ial ly th e hi g h conce ntra ti o ns of barium (ran g

in g up to 0.62 wt% BaO in K- fe ld spar ) is 
c urio us. 

Th e Na/K ra t io is hig h a nd mo la r A /C NK 
(mo lar rat io of A I/ (Ca+Na+K)) is low, rese m

bling in th is respect gra ni to ids in Ph a ne rozoic 
contine nta l ma rg in s (cf. Nurmi 1988). T he 
rocks in th e Vaa ras la hti intru s io n are a lso 
a na logous bo th min era logica ll y a nd c he mi ca l
Iy a nd ca n accord in g ly be c lass if ied as I-type 

g ranito id s. Th e ir min e ra logy ce rt ainl y co n

f irms bette r to th e minera logy of the I-type 
granit es tha n to that of the S-ty pe g ra ni tes. 
A luminium -r ic h mine ra ls th at are c harac te ri s

ti c of the S-ty pe g ra nites are a lm os t tota ll y 
abse nt. T he c hem ica l ana lyses a lso conf irm 
that the rocks are suba lumin o us. T he A/CNK 

is low and va ri es fro m 1.0 to 1. 1, as s how n in 

Fig. 10 . The hi g h co nte nt of mag ne ti te a nd 
hi g h mag net ic susce ptib il i ty is a lso c haracter-
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is ti c in the I- type gra nito id s (cf. Tak as hi e t a l. 
19 80 , Ishih a ra 198 1). 

The c1u s te rin g of a nalyti ca l data o n varia
ti o n di ag ra ms into two g ro ups w ith co ntinu 
o us tre nds (Fi gs . 6 and 7) a nd the REE di s

tributi o n di agra ms (Fig. 9) sugges t that the 
c he mi ca l a nd mi nera log ica l di ffe re nces be
tw ee n the qu artz syeniti c a nd g raniti c intru sion 
ph ases a re o bv io us ly due to fr ac ti o na l c rys tal

li zat io n. T he de pl e ti o n of E u in the g ra nite is 
c harac teri s ti c a nd is mos t like ly d ue to sepa

ra ti o n of ea rl y pl ag ioc lase- ri c h mo nzo niti c 

a nd sye niti c fract io ns. The scatter in g of the 
sum of REE's a nd Ce/Yb in th e stud ied gran
ite sa m pI es (Fi g. 9) i ndi ca tes va ri o us deg rees 
of frac ti o na ti on o r loca ll y mo re in te nse co n

ta min a tio n. 
Stabl e iso to pes a re w id e ly used in s tu dy in g 

th e o ri g in of g raniti c magmati c roc ks . Th e 
ini t ia l 87 Sr /86Sr of the rocks in the Vaa ras la hti 

intru sion is low , i .e. 0.7048, and so are th e 
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Fig. 10. Molar aluminium/a lka li ra ti o plotted agai nst S iO, in gran ites (dots) and 
quartz sye nites (c ire les) . Data from the Table no.4. 
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oxygen isotope values , with Ö 180 be ing around 
7. 1 %0 in both g ra nitic and syeniti c va rieties 
(Haude nschild 1995). Both strontium and ox 
ygen isotopic values fall within the ra nge of 
typical I- type gra nitoids and sugges t that the 
source of the melt was not a hi g hly aluminou s 
sedime ntary assemblage . The Nd isoto pic s tud
ies by Patc he tt a nd Kouvo ( 1986) gave an 

initi a l Nd isotopic value (E Nd) -0 .6 for th e 
Vaaras lahti pyroxe ne g ra nite as we il as for the 

s imilar orthopyro xe ne-bearin g g ranito id from 
Voinsalmi , Rantasa lmi (Patchett & Kou vo 1986). 
The res ult does not differ from the Nd iso top
ic compo s ition of the oth e r Sveco karelian 

syntectonic g ranitoids, which show ENd values 
from -I to +3 in the Svecofe nnian domain a nd 
from -9 to -6 in the Kareli a n dom a in indica
ting co ns ide ra ble in vol veme nt of Arch aean 

c ru sta l mate ri al durin g thei r gene rati o n (Huh 

ma 1986). 
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CONTACT METAMORPHISM OF THE V AARASLAHTI PYROXENE 
GRANITOID INTRUSION IN PIELA VESI, CENTRAL FINLAND 

by 

PENTTI HÖLTTÄ 

Hölttä, P. 1995.Contact metamorphi sm ofthe Vaaraslahti pyroxene granitoid 
intrusion in Pie laves i, Central Finland.Geolog ical Survey ofFinland, Bulletin 

382, 27-79. 14 figures , 3 tables and 4 appendices. 

An orthopyroxene-bearing porphyritic I-type granitoid , dated by U-Pb 

zircon method at 1.884Ga, has intruded pelites at Vaaraslahti , central Finland. 

It has a thermal aureole in which metamorphic grade in the country rocks 

increases from the stability field of mu scovite to granulite facies at the 

contact. Several closely spaced metamorphic zones have been mapped in 

metapeli tes in proximity to vicinity of the pluton. These are, approach ing the 

contact , respecti ve ly , the muscovite , cordierite-K-feldspar, garnet-cordierite , 

garnet-cordierite-spinel and diatexite-stictolite zones. The temperature of 

metamorphism increases almost isobarica ll y at ca. 5 kbars , from ca . 600°C in 

the muscovite zone to ca . 750°C at the contact. The mi nimum horizontal 

di stance through which this change takes place is two kilometers. Oecreased 

water activity was associated with the contact metamorphism. Oehydration 

melt ing produced garneti ferous melt segregations at the contact under granu lite 

facies conditions, and along shear zones at the contact diatexites were 

produced . Igneous microtextures indicate the presence of melt in the melting 

zone. The thermal aureo le deve loped during O
2 

and 0
3 

deformations. 

Metamorphic react ions suggest coo ling with minor uplift after the peak 

conditions; kyanite for example occurs as a retrograde mineral. Hydration , 

indicated e.g. by andalusite-biotite symplectites aftercordierite , was connected 

with the cooling. 

Key words (GeoRef, Thesaurus AGI): contact metamorphi sm, granulite , 

granites, charnockite, P-T -t paths, anatexis, Proterozoic, Vaaraslahti , Pielavesi , 

Finland 

Penlli Hölllä, Geological Survey of FinlalZd, FIN-02J 50 ESPOO, FlNLAND 
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INTRODUCTION 

Synkinematic granitoids, havin g zircon U
Pb ages rangin g between 1930-1860 Ma , with 
a mode at ca . 1885 M a, dominate the Protero
zoic bedrock in Finland (Fig. I ). They tend to 
be calc-alkaline, are generally metaluminou s 
and show I-type characteristics (Nurmi & Haa
pala 1986, Front & Nurmi 1987). The relation
ship between these granitoids and metamor
phi s m is ambiguous , as the metamo rphism of 
magmatic belts is also globally (see e.g. Bar
ton & Hanson 1989 and P.H. Thompson 1989, 

F~:'!~!:!ttl Archean basement 

Svecokarelian rocks 

C=:J Supracrustal rocks -I::::::::::::::j Mafic and ultramafic 
plutonic rocks 

Synkinematic granitoids 

for references). It has been widely maintained 
that most thermal aureoles are developed at 
s hallow levels in the earth's crust. However , 
with increasing depth, the s pecific structural 
and textural features of classical con tact me ta
morphism can become obscured, and apparent 
regional metamorphism may actually have re 
s ulted from local cryptic magmatic heat sourc
es several kilometres below the present expo
sure level (Miyashiro 1973, Dickerson & Holda
way 1989, Patti son & Tracy 1991 ). 

1 \/1 Late- k inematic granites 

Postsvecokarelian rocks 

Rapakivi granites 

Jotnian sandstone 

Fig. I. A general geologicalmap o f southern Finland after Front & Nurmi ( 1987). The box indicated by the arrow 
shows the location of the study area. 



In central Finland there are relatively low

pressure (5-6 kbars) g ranulite facies block s, 

in which hi g h-T metamorphism was clearly 
caused by 1.885 Ga pyroxene-bearin g mafic 
and felsic intrusions (Korsman et al. 1984, 
Hölttä 1988 , Vaasjoki & Sakko 1988). In and 
close to the se blocks, there are porphyritic 
orthopyroxene granitoids which have espe
cially well-developed thermal aureoles, in 

cluding granulite facies rocks in theimmedi
ate vicinity of their contacts. The thermal 
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effect of orthopyroxene granitoids can be mapped 

Up to several kilometres from the contact (Fig. 

2). The purpose of this paper is to describe in 
detail the contact metamorphism of one such 
pyroxene granitoid pluton , and to discuss its 
relationship to deformation and regional meta
morphism. The intrusion is located in the vil
lage of Vaaraslahti , Pielavesi district, central 
Finland (Fig. I) , and has been described by 
Lahti (1995). 

GEOLOGICAL SETTING 

The Pielaves i area is s ituated near the bor
der of the Archean craton (Fig. 1) . It is char

acterized by a block structure so that changes 
in metamorphic grade , as weil as major litho

logical changes, are commonly marked by 
faults (Marttila 1976, Korsman et al. 1984, 
Hölttä 1988) . There are two major strike- and 
oblique-slip fault sys tems . The older (reg ion
a l D) mainly strikes NW, or as a conjugate 
system NE , and the younger strikes NNE. 

These deformation zones exhibit extensive 
shearing and mylonitization (Korsman et al. 
1984, Pajunen 1986). The area was divided by 

Korsman et al. (1984) and Hölttä (1988) into 
metamorphic blocks (Fig. 2), whose metamor
phic grade varies from amphibolite to granu

lite facies. The peak metamorphic tempera
tures in these blocks vary from ca. 550-600°C 
in the lowest grade blocks to 800-880°C in the 

Pielavesi granulite block. The pressures cor

responding to these temperatures were ca. 5± I 
kbars, without significant pressure changes 
between blocks , except for the andalusite grade 
rocks in the west, where the pressure was ca. 
3-4 kbars (Hölttä 1988). Granitoids, both fo

liated tonalitic-granodioritic rocks and weakly 
or undeformed porphyritic granites are the 
dominant rock types near the craton margin 

(Sa lli 1969 , 1977, Marttila 1977), while pelit
ic and semipelitic country rocks with volcan
ite intercalations are also common. Bimodal 

volcanics are typical of the area between Sä
viä and Pyhäsalmi (F ig. 2), as weil as cordierite
orthoamphibole/orthopyroxene rocks , at plac

es associated with massive Cu-Zn ores (Huhta
la 1979). Mafic volcanites in the area geo
chemically resemble tholeiitic basalts of primi
tive is land arcs (Kousa et al. 1994). 

The oldest dated rocks in the area are gneis
sose granitoids and volcanites, whose U-Pb 
zi rcon age is 1.92 - 1.93 Ga (Helovuori 1979, 

Vaasjoki & Sakko 1988 , Kousa et al. 1994). 
The main phase of magmatism took place at 

1.89-1.86 Ga , majority of intrusive rocks be
ing intruded at ca. 1.885 Ga (Aho 1979 , Mart

tila 1981, Salli 1983, Vaasjoki & Sakko 1988). 
The K-Ar and Rb-Sr ages of hornblendes and 
micas are considerably younger, ca. 1.65 -
1.79 Ga , being oldest in the g ranulite block 
(Haudenschild 1988,1990). The age of the 

granulite facies metamorphism in the Pielave

si block is close to the age of the main phase 
of mag matism, shown by aU-Pb zircon age of 
1889± 13 , Ma , obtained from a garnet-cordier
ite-orthopyroxene rock (Vaasjoki & Sakko 
1988). Detrital zircon from the country rock 
adjacent to the contact with the Vaaraslahti 

orthopyroxene granitoid is reset , giving an 
age, 1895±1 Ma (Vaasjok i & Sakko 1988), 
which is close to, although so mewhat older 
than the U-Pb age of the pluton , namely I 884±5 
Ma (Salli 1983). 
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G R AN U
LITES 
N 

1 

2 km 

/' 
/' 

GRT-CRD 
19 
• 

PSH-85- 18 

• 

• 

STICTOLITE 

PSH-88 - 12 

• PSH-88-22 

+ 630 20' 
26 0 45 ' 

[22] Porphyritic orthopyroxene granitoid 

. 24 

MUSCOVITE 

• PSH-88- 1 

Porphyrit ic opx-free granite 

Fig, 2. Metamorphic zones of the study area. The inset map shows the melamorphic blocks of the Pie laves i area accord ing 10 Hölttä 
( 1988): A = Arc hean; vertica l lines = stauro lile grade; unshaded = medium amphi bolite fac ies , muscovile mostl y stable, dashed 
line = muscov ite out; hori zontal lines = granulite fac ies; das hed hori zontal lines = trans itional granulites ; oblique lines = upper 
amphibolite fac ies; dotted = lower amphibo lite facies, andalu site grade . Codes re fer to the localiti es of sampies presented in 
Appendices 1-3 . Dashed lines refer to appearance of onhopyroxene and to breakdown of gamet into orthopyroxene and plag iocJase 
in mafic rocks. The black square at the NE corner of the pyroxene granitoid re fer 10 Ihe area presenled in Fig. 3c . 
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METAMORPHIC ZONES 

The study area is located near the granulite 
block boundary (Fig. 2). A porphyritic pyrox
ene granitoid intruded into pelites, and is 
surrounded by a thermal aureole. Metamor
phie zones around the porphyritic granitoid 
intrusions are recognized with increasing grade 
on the basis of pelite mineralogy: muscovite , 
cordierite- K-feldspar, garnet-cordierite, garnet
cordierite-spinel, and anatectic diatexite-sticto
lite zones (Fig. 2). The inner part of the dia
texite zone at the SE contact exhibits nebulitic 
and flecky migmatites (stictolites), where gar
nets are surrounded by feldspathic mantles. 
EIsewhere in diatexites molten and unmolten 
portions cannot be distinguished from one 
another (nomenclature after Mehnert 1971) . 
Within the flecky migmatites of the diatexite
stictolite zone , at the SE margin of the pyrox
ene granitoid , first there is a garnet-cordier
ite-orthopyroxene zone, which reaches few 

meters from the contact. 
At the SE contact of the pyroxene granitoid , 

and also close to the porphyritic pyroxene
free grani toids in the NE part of the area 
cordierite-K-feldspar zone was not found , but 
the metamorphic grade increases directly from 
muscovite to garnet-cordierite field. This may 
indicate the presence of a NE trending shear 
zone, which can be concluded also from the 
elongated granite bodies , wh ich may have 
used the shear zone during their emplacement. 

Rocks of mafic composition in the garnet
cordierite zone contain orthopyroxene . To the 
southwest of the orthopyroxene granitoid , and 
enveloped by the spinel zone, there is a small 
area where garnet is decomposed into or
thopyroxene and plagioclase in mafic rocks. 
This area is interpreted as a small ' hot spot ' 
where the grade locally attained granulite facies 
(Fig. 2). 

DEFORMATION 

The oldest recognized fold phase in the 
study area is F

2
, which deforms the penetra

tive SI schistosity parallel to lithological lay
ering. The F2 folds are isoclinal and are asso
ciated with a shear-type cleavage (Fig. 3a). 

The D
3 

deformation forms semi-open folds 
and is manifested in many pi ace by strike- or 
oblique-slip faults and shear zones with NE
trending axial planes. The direction of the F} 
fold axis is variable, but in the northern side 
of the orthopyroxene granitoid intrusion it 
plunges mostly 30-45 ° to the SW and in the 
southern side 30-75 ° to the NE . The D} defor
mation has reoriented the S2 schistosity , and 
a biotite schistosity and melt segregations at 
the contact were commonly developed in the 
axial plane of the F} folds (Fig. 3c). The early 
foliation is also commonly reoriented by D} 
faulting parallel with the contact (Fig. 3b , c). 
The pyroxene granitoid pluton is slightly elon-

gated in the direction of the D} axial plane 
(Fig. 2). The overall folial structure is gener
ally concordant to the contacts of the pluton. 

There were at least two later deformation 
phases after D}. In the 'hot spot ' area, F

3 
folds 

are superimposed by NW striking faults. Semi
open folds whose axial plane is in the same 
direction also occur. This deformation may be 
a conjugate of the late D} deformation, when 
folding was developed into faulting. The D} 
structures are also cut by N-S striking faults, 
which may be narrow seams on a millimeter 
scale or mylonites which are tens of meters 
thick as they are in the eastern part of the area. 
A late deformation phase whose axial plane is 
in an E-W direction forms crenulations and 
small faults. The mutual relationships be
tween these two post-D} structures could not 
be observed in the study area. 
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Fig. 3a. Deformation structures. F, fo ld cut by D, fault , garnet-cordierite zone, locality PSH-88-39 in Fig. 2. 

Fig. 3b. Deformation structures. Ea rl y ro li ati on (So+S ,+S,) reori ented by the D
J

, inner part ofthe diatexitc
sli cto lite zone, loe. 29-25- 1. 
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Fig. 3c. Deformation structures. The structural sty le 
at the SE eontact ofthe pyroxene granitoid; so lid lines 
= So-S" dashed lines = S3 with melt segregations (c.f. 
Fig. 4e). The arrows with numbers show the direetion 
and dip of the fold axi s. The loeation of the area is 
shown in Fig. 2. 

PETROGRAPHY 

Assemblages in metapelites 

The Vaaraslahti metapelites have a rather 
uniform chemical composition (Appendix 2; 
Fig . 10) with the mineral assemblages listed 
below being characteristic. The relative tim
ing of the appearance of a particular mineral 
(prograde, retrograde) is listed in Table l . 

Muscovite zone: bt-ms-pl-qtz-po-i I m±and±s i 1-

±ky±st; 
Cordierite-K-feldspar zone: bt-s il-and-pl-qtz

po-ilm±kfs±crd±st±ms; 
Garnet-cordierite zone : grt-crd-bt-sil-and

ky-pl-qtz-po-i I m- gph±kfs±s t; 
Garnet-cordierite-spinel zone: grt-crd-bt-sil

and- ky-pl-qtz-po-i I m-gph±st±spl±kfs; 
Diatexite-stictolite zone, diatexite: grt-crd

bt-and-pl-q tz-po-i I m- gph±s i I±s pl±st±kfs. In 
the inner part of the diatexite at the SW con
tact there is also a less aluminolls layer which 
has the assemblage opx -bt-pl -qtz-po-ilm-gph
±grt±kfs. Spinel and primary sillimanite 

Table l. The type of occurrence of minerals in meta
pelites in the metamorphie zo nes of Vaaraslahti. - not 
present; + pre sent , * present as a ret rograde pha se . 

Zone Ms 

grt 

erd 

spl 

bt 
ms 

and 

s i I 

ky 
st 

pi 
kfs 

qt z 

po 

illn 

gph 

opx 
melt 

+ 
+ 

+ 
+ 
* 

+ 

+ 

+ 

+ 

+ 

+ 

Crd-kfs Grt-crd Grt-crd- spl Diat-Sti e 

+ 

+ 
* 
* 

+ * 

* 
+ 

+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 

+ 
* 

+* 

+ 

+ 
+ 
+ 

+ 
+ 

+ 

+ 
+ 
+ 
+ 

+* 

'* 

+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

* 
* 
* 

'* 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
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progressively disappear from the diatexite, occur
ing in its outer parts but not near the contact. 

Oiatexite zone, stictolite at the SE contact: 
the innermost few meters of nebulitic mig
matite (garnet-cordierite-orthopyroxene zone) 
has the assemblage grt-opx-crd-bt-kfs-pl-qtz
po-ilm-gph. This zone is only a few meters 

thick, and it does not occur everywhere around 

the pluton; so it is presumably controlled by 
whole rock composition. Some metapelite 

xenoliths in the orthopyroxene granitoid also 
have this mineral assemblage. Orthopyroxene 
is not present in the outer part of the nebulitic 

layer. In the flecky migmatite mesosomes 
have the assemblage crd-bt-kfs-pl±qtz and 

feldspathic segregations grt-kfs-pl-qtz±crd±bt. 

Assemblages in basic and intermediate metavolcanic rocks 

Muscovite zone: hbl-pl-qtz-ep-ttn. 

Cordierite- K-feldspar zone: bt-pl-i Im-qtz±grt . 
Garnet-cordierite zone: hbl-pl-qtz-±c u m±c px±-

bt. 
Garnet-cordierite-spinel zone: opx-pl-qtz±hbl

±cum±cpx±bt±po±i Im . 

Oiatexite-stictolite zone: the high-grade as
semblage in basic boudins is opx- pl-qtz±cpx; 
cummingtonite, hornblende and biotite are 
found as retrograde phases. 

' Hot spot ' in the garnet-cordierite-spinel 
zone: opx-cpx-hbl-bt-pl-qtz-po-ilm or opx-

bt-pl-qtz-grt-po-ilm at less calcic composi
tions. Orthopyroxene , together with plagi

oclase, pseudomorphs 01' forms coronas on 
garnet in garnetiferous metatuffite boudins 

(Fig. 4r).The opx-pl corona on garnet in these 
boudins overgrows the S2 schistosity , which 
indicates that a heating phase followed O 2, 

Metapelite in this area is migmatitic and com
parable in grade with the diatexite-stictolite 
zone. It is possible that the 'hot spot' repre
sents the wall rock of another intrusion , al
though the intrusion is not itself exposed. 

Textures and reactions in metapelites 

The metapelite minerals and their textures 

are described in detail in order to establish the 
metamorphie reactions which took place dur
ing the heating and cooling of the Vaaraslahti 
rocks. These reactions, together with the in

formation given by thermometry and barome
try, are then used to construct the pressure
temperatUl'e evolution. 

Prograde biotite occurs as brown flakes , 
which are parallel to the S2 axial plane, 01', 

where SJ is developed, is aligned within this 
foliation as weil. Biotite also occurs as a ret
rograde phase due to the breakdown ofcordier

ite or garnet, in which case it is randomly 
oriented , brown or greenish and fOrtllS inter
growths with AI-silicate (mostly andalusite) 

(Figs 4a and 4i). The grain size and abundance 
of biotite is smallest in the stictolite at the SE 

contact of the Vaaraslahti pluton (Table 2). 

Cord ieri te i s formed by reacti on between 
biotite and sillimanite when they are in con
tact (Fig. 4b) ; this happens occasionally in the 

cordierite-K-feldspar zone but almost invaria
bly in the garnet-cordierite and garnet-cordier

ite-spinel zones. Cordierite-K-feldspar inter

growths are common in the garnet-cordierite 
zone. These textures are indicative of the re
action 

(I) bt + als + qtz = erd + kfs + V. 

In the garnet-cordierite and garnet-cordier
ite-spinel zones , cordierites are larger than in 
the cordierite-K-feldspar zone, and some of 

them have only a few or no sillimanite inclu
sions. Primary biotite and sillimanite coexist 
in the cordierite-K-feldspar and garnet-cordier

ite zone but not longer in the inner parts of the 



Tabl e 2. Moda l com pos iti ons of me tapc litcs , ca lc ul a ted with po int -co untin g me thod, 1000 po int s pe r thin sec ti o n. Loca ti on o f th e samp ies is s how n in Fi g. 
2. Di atex ite-s ti c to lit e zone samp ies; m = mesoso me , c l = cordi e rit e- bea r ing le ucoso me (no ga rn et), g l = fe lds pathi c mantl e a ro un d la rge ga rn et , d = di a tex ite. 

Di a tex ite-s t ic to lite zone Garn et-cord ie ri te-s pi ne l zo ne Wes tern ga rn e t-cordie rit e zone 
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Al s 0 .9 1. 0 1.1 6 .9 13.3 4.6 12.0 9.7 13.8 
C rd 5 1.6 14.5 10.3 43. 0 1.8 6.8 19.2 9 .7 15 .4 3.3 10.9 5.5 
Grt 1.2 2.7 1.3 2.2 6.5 1. 0 1. 8 0.2 
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Fig. 4a-r. Reacti on tex tures. The sca1c bar in each photomicrograph is I mm. a) retrograde altera ti on 01" cordi eri te into biotite and anda lusite/s illimanitc in back-react ion ( I); b) 
cordierite forming reac tion ( I) betwee n biolite and sillimanite, garnel-cordierite zone; c) sector twinned cordi crite with many bio ti te and quan z incl us io ns, f1 ecky migmatite in 
diatex ite-sli ctolitc zo ne; d) ga rnet and cordierite produced in reac ti on (2) belween biotite and si llimanile, garnel-cordierite zone; e) gamet corona on cord ierite, ga rnel-cordierite
spine l zone; I) garnel overgrowing spine l and cordi erite, garnet-cordierite-spine l zo ne; g) garnet altered I"rom rims into cordierite and biotile , garnet-cordi erile-spine l zone; h) 
skel etal spine i, together with pyrrholile and sillimanite inc lusion s in cord ierite, garnet-cordi erite-spine l zone; i) spine l altering into anda lusite and biotile, garnet-cord ierite-spinel 
zone;j ) garn el altered inlo onhopyroxene and pl ag ioclase, felsic seg regation atthe SE contact; k) sillimanite needles belween garnet and pl ag iocl ase; I) second generation sillimanitc 
need les on garnet rims, sillimanite is interpreled to have been formed in reaclion (3) (see tex t); retrograde andalusi te on cordie rite rims; m) fib ro litic s illimanite altering inlo 
andalusite, garnet-cordierite zone; n) lhe asse mblage and-bt-qtz- ms-st, presumably fonned in reacti on ( 11 ) (see text), muscovite zone ; 0) slaurolile cryslals, fonned in areacti on 
between cordi erite und andalusite; p) stauro lite produced by lhe decompos ilion of ga rn et and AI -s ilicate; q) spine l inclus ions in cord ierile, spinel is altering inlo stau ro lite in reacti on 
( 14); r) ga rnel altering into orlhopyroxene and plag ioclase, ' ho t spot' area (Fig. 2). 

~ 

'" w 
00 
N 



spinel zone , where pro grade biotite and silli
manite are separated by cordierite, such that 
early sillimanite occurs only as inclusions in 
cordierite. 

Cordierite produced by reaction (I) is most
Iy elongated within the S2 schistosity. In plac 
es where S3 is weil developed, cordierite oc
casionally has biotite and quartz inclusion 
trails ; these are oblique or curved with respect 
to S3 (Fig. 5a) , suggesting that cordierite was 
also formed during the early D

3
. Cordierite is 

altered at the rims and along cleavages into 
pale yellow or bright brownish yellow amor
phous pinite. Biotite and Al-silicate replace 
both cordierite and pinite. Biotite-AI-silicate 
intergrowths after cordierite show that reac
tion (I) proceeded from right to left during 
cooling (Fig . 4a). In the diatexite-stictolite 
zone cordierite is often rectangular in shape 
and mostly optically positive, with 2V ca. 88-
89°, whilst in other zones it is generally neg
ative . At the SE contact cordierites have sec
tor twinning and many tiny biotite inclusions 
in the cores of the grains (Fig . 4c). 

The appearance of coexisting garnet and 
cordierite in the garnet-cordierite zone is in
terpreted to mark the beginning of the univar
iant KFMASH reaction 

(2) bt + sil + qtz (± PO+02) = grt + crd + kfs 
+ V (or melt) . 

Both cordierite and garnet have sillimanite 
inclusions which tend to have a uniform op
tical orientation. Pyrrhotite , when present , 
also participated in reaction (2), because gar
net forms coronas on iron sulphide occurring 
on cordierite rims (Fig. 4d). 

Sill i manite , biotite , q uartz and pyrrhotite 
inclusions are common in garnets , whereas 
plagioclase inclusions are rare. Some garnets 
have an inclusion-rich core and an inclusion
free rim , a texture which is common else
where in high-grade rocks in the Pielavesi 
area (Hölttä 1988) , and which is interpreted to 
indicate a rapid initial growth rate (Tracy 
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1982). The breakdown of titaniferous biotite 
which is in contact with garnet has commonly 
produced a rim of secondary garnet-ilmenite 
intergrowth on old garnets. In the garnet
cordierite zone south of the pyroxene grani
toid, where S3 is weil developed , some garnets 
have pressure shadows indicating that they 
are pretectonic with respect to D

3 
shear. These 

garnets are cut by D3 microfaults. 
Spinel occurs as i nclusions (diameter 0.1-

0.2 mm) in both cordierite and in garnet. It 
forms commonly a skeletal symplectitic tex
ture with cordierite , which indicates their si
multaneous crystallization (Fig . 4h). Spinel 
inclusions are found in those cordierites that 
also have sillimanite and pyrrhotite inclu
sions. Spinel may either overgrow sillimanite 
and have sillimanite inclusions , but often sil
limanite and spinel are separated by cordier
ite. Spinel can also rim pyrrhotite (Fig. 4h). 
These textural features suggest that spinel 
was at least partly formed by areaction in
volving iron sulphide and sillimanite, such as 

(3) po + sil + 0 2 = hc + Fe-crd + S02' 

Not all of the spinel observed can be ex
plained by reaction (3) because spine I occurs 
also in rocks that contain only limited amounts 
of sulphides . Sillimanite a lways seems to have 
been one reactant , and sometimes inclusions 
of biotite, along with occasional garnet , are 
found in spinel-bearing cordierite. A possible 
reaction for producing spine I was the divari
ant KFMASH reaction 

(4) bt + als = crd + kfs + spl + V , 

after cordierite formed in reactions (1) and (2) 

has isolated its sillimanite and biotite inclu
sions from quartz . Spinel never coexists with 
quartz; whenever quartz is present it is sepa
rated from spinel by cordierite . Spinel was 
altered into greenish biotite and andalusite in 
back-reaction (4) (Fig. 4i). 

The grain diameter of garnet is normally 
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0.5-3 mm, but increases in the flecky mig
matite at the SE contact up to 10-20 mm. 
These large garnets are helicitic and they con
tain abundant quartz and some plagioclase and 
biotite inclusions. In those layers, where gar

nets are surrounded by feldspathic ll1antles , 
the mesosomes are almost quartz-free (Table 
2). Sillimanite is also absent , so the possible 
ll1elt producing reaction is (2) and the reaction 
has consull1ed effectively all the sillimanite 

and quartz present in the rock. 

Orthopyroxene replaces and overgrows bio
tite. At the SE margin of the pluton orthopy
roxene also coexists with K-feldspar and cordier

ite in the migll1atite mesosomes , and orthopy

roxene sometimes replaces garnet. It is likely 
that orthopyroxene was produced in reactions 

(5) bt + qtz = opx + kfs (+ L) and 

(6) bt + grt + qtz = opx + crd + kfs + L 

(Fig. 4j), 

because there are garnet inclusions in those 
orthopyroxenes which are in contact with gar

net. 
In the garnet-cordierite and garnet-cordier

ite-spinel zones garnet has sometimes crystal
lized on cordierite rims, occasionally forming 
coronas on cordierite (Fig . 4e). This garnet 
ll1ay have spine I inclusions, or garnet can 

overgrow spinel inclusions in cordierite, as in 

Fig. 4f. This texture is interpreted to result 
from the reaction 

(7) crd + spl = grt + si!. 

In the same thin section large garnets may 
have altered into cordierite and biotite from 
their rims (Fig. 4g). This type of alteration 
indicates the reaction 

(8) grt + kfs + V = crd + bt + qtz. 

Two generations of sillimanite have been 

recognized. The first generation fibrolitic sil

lill1anite occurs together with biotite and as 

inclusions in cordierite, garnet and plagiocla
se, with c-axes mostly parallel with the S2 
plane (Fig. 4b). First generation sillimanite 

disappears in the inner part of the melting 
zone. The second generation sillimanite oc

curs as randomly oriented needles on the rims 
of K-feldspar and cordierite grains, produced 
in back-reaction (1) , between garnet and pla
gioclase and between garnet and cordierite 
(Figs 4k-I). Sillimanite needles between gar
net and plagioclase were probably produced in 
the reaction 

(9) pi = grt + sil + qtz, 

because granular, recrystallized garnet is some
times present on old garnet together with sec

ond generation sillimanite. Sillimanite needles 
between garnet and cordierite can be produced 
by reactions (2) , (7) (Fig. 41) or by 

(10) crd = grt + sil + qtz. 

In the andalusite-bearing locality (PSH-88-
10 in Fig. 2) in the muscovite zone, fibrolitic 
sillimanite has crystallized in plagioclase- quartz 
veins, which are K-feldspar-free. These are in 

the axial plane of the 0 , fault (NE) and formed 
during D ) microfracturing. Sillimanite has 
replaced plagioclase and quartz in these veins. 

The process leading to the formation of silli
manite-bearing veins resell1bles that described 
by Vernon et al. (1987) , who explain silliman
ite-bearing veinlets in hornfelses in the con
tact of a quartz monzodiorite pluton in New 
South Wales , Australia, as a product of base 

cation leaching. Fibrolitic sillimanite locally 
replaces andalusite in the matrix outside the 
veins, indicating a prograde change. 

Andalusite is found in biotite-Al
2
SiOs sym

plectites after cordierite (Figs 4a, 4g , 4i). 
These symplectites are randomly oriented and 
show no relation to schistosity , indicating that 

they crystallized after the main phases of 

deformation (0 2, D). Andalusite also replaces 
sillill1anite (Fig. 4m), occurring as subhedral 



and euhedral grains on biotite rims, where it 
sometimes forms cross twins. Andalusite in
clusions in biotite are rare. The grain sizeis 

normally 0.03 - 0.07 mm, but in the muscovite 
zone there are andalusites up to 0.5 mm in 
diameter. These andalusites are helicitic, con
taining quartz and biotite inclusions , and they 

may be prograde. 

Kyanite occurs together with retrograde an

dalusite and they are difficult to distinguish 
from each other optically. Kyanite is smaller 
and it forms elongated prisms whilst anda
lusite is more quadrate. The amount of kyanite 

is small, but its existence in several sampies 
from different metamorphic zones was veri

fied by using the heavy liquid separation and 
X-ray diffraction (the Debye-ScheiTer method). 
No obvious evidence for a phase transforma

tion from andalusite to kyanite was observed, 
so that the kyanite may have formed by reac
tion (1) during cooling. 

Staurolite is interpreted to be retrograde 

throughout the study area. In the andalusite
bearing rocks of the muscovite zone staurolite 

i s formed in reaction 

(11) bt + and + V = ms + st + qtz , 

as shown by staurolite and muscovite over
growing andalusite and biotite (Fig. 4n). In 
muscovite-absent rocks in the higher grade 

zones , staurolite was produced by the reaction 

(12) crd (or grt) + and + V = st + qtz 

as shown by staurolite + quartz-filled cordierite 
pseudomorphs and sm all staurolite prisms crystal-
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lized on gamet rims (Figs 40, 4p). Staurolite 
occurs in all zones except in the inner parts of 
the melting zone. Spinel inclusions in cordier
ite have sometimes altered into staurolite in 
the presence of sillimanite (Fig. 4q). This 

texture indicates the reaction 

(13) crd + spl + sil + V = st. 

Ilmenite has mostly crystallized on biotite 
rims, but also occurs as inclusion in garnet. 
The amount of ilmenite increases as biotite 
decomposes. In the melting zone at the SE 
contact biotites have coronas that consist of 

small ilmenite grains. 

Large K-feldspar porphyroblasts (5-10 mm) 
with biotite , muscovite and quartz inclusion 
trails occur in the cordierite-K-feldspar zone. 
Where the S 3 schistosity is strong, these inclu

si on trails may be almost perpendicular to S 3' 
as are inclusion trails in cordierite (Fig. Sb) . 
Some inclusion trails are crenulated, again in
dicating growth during early S3. In the higher 
grade zones the matrix K-feldspar often forms 

symplectitic intergrowths with plagioclase and 
cordierite . Potassium feldspar was mostly pro
duced during reactions (I) and (2), because it 
contains biotite and sillimanite inclusions. In 
the diatexites some K-feldspars attain grain 
size of 10-15 mm. Potassium feldspar is re

placed in some pi aces by muscovite in the 

reaction 

(14) kfs + als + V = ms + qtz, 

shown by muscovite-quartz symplectites after 

K-feldspar. 
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a) 

b ) 

Fig, 5. a) curved inc lusion lraiJ s in cordierite, indicating growth during earl y D
3

, garnel-cordierile zone, 
locality PSH-88-22; b) crenulated biolile inclusion lrails in feld spar, cordi c rile- K-feldspar zone , loc. PSH-
88-2. 
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MINERAL CHEMISTRY 

Analytical procedure 

Microprobe analyses were carried out by 
Mr. Lassi Pakkanen at the Geological Survey 
of Finland using a JEOL-JCXA 733 and CAME

CA-CAMEBAX microprobe. The beam width 

was 10 11m for micas and felds pars and I 11m 

for other minerals. The sampie current was 25 
nA for micas , garnets and pyroxenes and 15 
nA for feldspars and cordierites. The acceler
ation voltage was 15 kV. Natural standards 

and the ZAF correction pro gram were used. 

Metapelites 

Representative analyses of minerals are giv

en in Appendix I , and the mineral composi
tions are plotted on the AFM diagrams in Fig. 
6. The AFM diagrams also give whole-rock 

compositions, which do not show wide scat
ter. 

Biotites with lowest Mg-numbers (Mg/Mg+Fe) 
of 0.47-0.52 , are found in the diatexite-sticto
lite zone, except for some in the orthopyrox
ene zone at the contact where Mg-numbers are 
slightly higher, around 0 .53-0.54. In other zones 

the Mg-number ranges from 0.48 to 0.56 , and 

tends to be higher in biotites formed by alter
at ion of cordierite or for those in contact with 
garnet, compared to those in the matrix. The 
Ti0

2
-content of primary biotites is highest, at 

approximately 4-5 wt% in the diatexite-sticto
lite zone, 3-4 wt % in the spinel zone and 2-
3 wt % in the other zones. The poorest in Ti are 
biotites formed by breakdown of cordierite, 
with Ti0

2 
values of 0.0-1.8 wt % . In the flecky 

migmatites biotites are commonly surrounded 
by an ilmenite corona. With decreasing tem

perature , Ti solubility in biotite decreases 
(Shearer & Robinson 1988). During coo lin g 
biotite lattices were not able to retain titani

um; i t was therefore exso I ved and i I meni te 
crystallized on the biotite rims . 

Only a few muscovite analyses were made; 
these were from the corderite-K-feldspar and 
the muscovite zones . Phengite contents are 

highest in a muscovite coexisting with garnet 
in a feldspathic rock from the muscovite zone . 
Muscovite from the cordierite-K-feldspar zone, 

where muscovite is supposed to be retrograde, 

has a significant paragonite component. 

Cordierites in the diatexite-stictolite zone 
have the lowest Mg-number, from 0.62-0.67. 
In other zones the Mg-number is slightly high
er, between 0.63-0.73. Calcium and alkali 

contents are low. In the cordierite analyses the 
sum of oxides is higher in the diatexite-stic
tolite zone (97-98) than in other zones (95-
96), reflecting low water contents in the high

est grade area. 

Garnet compositions are strong ly depend
ent on the distance from the orthopyroxene 

granitoid contact. The X
Mg 

(Mg/Fe+Mn+Mg+Ca) 
increases from ca. 0 . 1 in the muscovite zone 

to 0.25 in stictolites. The X
Mn 

decreases as a 
function of the increasing grade, when the 
amount of garnet also increases (Fig. 7). The 
X

Ca 
of pelite garnets is low , around 0.03. The 

pelitic garnets a nalyzed normally lack the Ca 
and Mn zoning but there are garnets which 

have Ca-rich cores. Small garnets also show 
only weak Mg zoning, but some of the largest 
garnets exhibit Mg zoning where the X

Mg 
first 

increases slightly and then decreases from the 
core to the rim (F ig. 8a). There are also gar

nets that seem to have altered to cordierite, 
but these show increasing X Mg toward the rims 
(Fig. 8b), as could be expected , if Mg was 

progressively transferred from decomposing 
cord ierite into garnet. This kind of garnet 
zoning profile in such an assemblage appar
ently i nd icates the growth of garnet and cord ier
ite according to reaction (2). Of the garnets 
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Fig. 7. The change in lhe X\I' (Mg/Fe+Mn+Mg+Ca) and X'I" of garnel wilh dista nce 
from the orthopyroxene grariitoid COnlaCI. Open dots = diatexite-sticto lile zone and 
'hot spot', b lack dots = garncl-cord ierile-spinel zonc. lri ang les = garncl-cordieri le 
zone. 

analyzed fro m s ti c to lite, th ose th a t have a n 
in c lusion-free rim sh o w incre a s in g X

Mg 
fro m 

th e core to the rim ( Fi g. 8c). Who ll y po iki lo
bl as ti c gra in s are no t zo ned (Fig 8d). 

S pine is a re he rcy ni t ic a nd gahniti c (F ig. 9). 
The hercy niti c spinei s have Mg- numbe rs be
tween 0 . 18 a nd 0.20 , with X

Zn 
(Zn /Zn+Mg+Fe) 

be in g 0 .0 3 - O. 10 . The z in c ia n s pin e is have 
hi g her Mg- numbe rs, 0 .22 - 0.25 a nd X

Zn 
f ro m 

0. 17 - 0. 27. Th e hi g hes t z in c co nte nt s a re 
no rmall y In s pinei s w hi c h brea k dow n v ia 
reac t ion s (4) a nd (7) durin g coo lin g into ga r-

ne t o r A I-s ili ca te a nd b io tit e . T he X zn in th ese 
spin e is in c reases fro m the co re to th e rim . 
Re trog rad e breakdow n o f spin e l has e nri c hed 
Zn in th e re ma inin g min e ra l. 

The a no rthite co nte nt of matri x pl ag ioc lases 

is An
27

.
W 

a nd is inde pe ndent o f metam o rphi e 
g rade. Th e compos iti o n is approx im ate ly the 
sa me in th e pl ag ioc lase inclu s io ns in low ca l
c ium ga rn e ts . Howeve r, in the spin e l zo ne o ne 

ga rn e t was a na lyzed w hose pl ag ioclase inc lu 
s io ns had hi g her a no rthite co nte nt , ca . A n

40
, 

th an th e ma tri x min e ra ls (ca . A n
3s

) ' Th e g ros-

Fig. 6. M ineral compos it ions presented in lhe AFM d iagrams (K-fe ldspar projection, A = AI,03-K ,O, F = FcO, M = MgO). 
Coex isting minera ls are connected wilh tie lines . Crosses ind icale biot iles which arc allerati on producls of cord ier ites; sq uares refe r 
10 orthopyroxe nes . The shaded areas show lhe range of the whole-rock compos il ions. a) dialex ile-s ti cto lite zone and ' hot SPOl'; 
b) ga rnet-cordierite-sp ine l zone. High A-values in some spineis may be due to li ny s illimanite incl us ions; c) garnel-cordierite zone; 
d) cordierite-K-fe ldspar zone. 
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Fig. 8. Zoning profi les of metapelite garnets: a) spec imen PSH-88-39 from the garnet-cordierite zone; a weak increase of the X
M 

From core 
to rims sugges ts growth during heating. A dec rease of Mg in the edges of the grain , together with a slight increase of the X,:, is due to 
decompos ition of gamet into a magnesian phase (biotite), in wh ich case Mn enriches in the rcmaining mineral; b) specimen 27-450-2 from 
the garnet-cordierite-spinel zone. The gam et is the same as in Fig. 6g. It seems that garnet was altered at the rims into cordieritc, but there is 
a weak increase in the X

M 
to the edge. This kind of zoning cou ld be expected if a magnes ian phase (cordierite) was altered into gamet. An 

interpretati on is that the ri g'ht edge of gamet was produced in reacti on (8), because there arespincl inc lusions in the adjacent cordierite; c) gamet 
from the melting zone, surrounded by feldspathi c mantle, locality 29 (Fig. 2), gamet has an inclusion-free edge where the X" incrcases. There 
is a drop in the Mg contect in the area where the gamet is altered into biotite; d) entirely poiki litic gam et, without zoning:from the me lting 
zone, spec imen 24- 18. 
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Fe 

s ul ar co nte nt of thi s ga rn et co re was a lso 
hi g he r th a n no rm a l (X

Ca 
= 0.05 ) . In o ne case 

in th e ga rn e t-cordi er ite zo ne in th e eas te rn 
pa rt o f th e s tud y area pl agiocl ase in c lu s io ns in 
ga m e t had a lo we r ca lc ium co nte nt (Xc,,= 0. 26) 
th a n the ma tri x pl ag ioc la ses (0. 3 2) . 

Sta uro lites are the mos t mag nes ian in the gar

net-cordieri te and garn et-co rdi erite-s pine l zo nes , 

w he re th ey a re produced by reac ti o n ( 13), the 
M g- num be r be in g 0 . 16 - 0. 17 . In the mu sco
v ite zo ne , whe re s ta uro lite is p rodu ced in re-

Zn 

Fig. 9. Compositions of spinei s plotted on the Mg
Fe-Zn di agram (cord ierite-spinel-quanz barometer 
of Se ifen & Schumac her 1986). The most z inc ian 
spine is are those which have alte red during retro
gress ion into gamet, stauro lite 0 1' biotite and AI
sili cate. 

ac ti o n ( 12) , the Mg- num be r is lower, ca. 0. 14. 
Th e X

Zn 
(Zn/Z n+M g+Fe) va ri es fro m 0 .03 to 

0 .06. 
Orth o pyroxe nes a re A I- poor, th e X

A1 
(AI /2) 

be in g be twee n 0 .02 - 0 .05 . Th e M g- numbe r is 
0.40 - 0 .5 0 . 

Ilme nites have the X
Fc 

(Fe/Fe+M g+Mn) be

twee n 0.95 a nd 0.99 , a n excepti o n be in g a n 

ilm e nite inc lu sio n in a ma nga nese- ri c h ga rn e t 

(X Mn 0.35) in the mu scov ite zo ne , w hi c h has 
X

Fe 
of 0 .85 a nd XMn 0 . 15. 

Mafic rocks 

Ga rn e ts in mafi c roc ks di ffe r in co mpo s i
ti o na l zo nin g f ro m th ose of pe lites in th at th ey 

no rm a ll y have also Ca a nd Mn zo nin g . Th e 

Xc" o f pl ag iocl ase is hi g h, 0 .8 - 0 .9. [n th e ' ho t 
spo t ' a rea so uth of th e o rth o pyroxe ne g ra n
ito id (F ig . 2) la rge ga rn et f ro m a mafic bo ud in 
in me ta pe lite was s tudi ed in de ta il. It di s p lays 

co nce ntri c zo nin g suc h th a t Xc .. a nd X Mn de
c rease a nd X

Mg 
in c rease f ro m the co re to th e 

rim ( Fi g. 10 ). The ga rn e t has pl ag ioc lase in 

clu s ion s wh ose Xc" does no t di ffe r mu c h fr o m 

pla g ioc lases in t he matri x, with the excep ti o n 

of a few g ra in s in w hi c h lowe r Xc .. is pro b
a bl y ca used by a re trog rade brea kd ow n to ca r
bo nate (F ig . lOb). The ga rn et has a lso c um 
min g to nit e in c lu s io ns w ith M g- nu m be rs o f 
0.44 - 0 .46 in the co re of th e gra in , in c reas in g 
to 0.4 8 whe n th e X

Mg 
of the ho s t ga rn e t s ta rt s 

to in c rease (Fi g. 10a). Ga rn e t b ro ke dow n 

from rim s into pl ag ioc laseAn 84-9 1 a nd o rth o
pyrox e ne Mg 39-40 (Fi gs. 10a ,b). 
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ANATEX IS 

Mi g ma tites ca n be formed by diffe re nt mecha

ni s m s, includin g s ubsolidu s diffe re ntiation , 

me tasom a tic proc e sse s, injection of g ranitoid 

m ag mas a nd partial meltin g . Of th ese , partial 

me ltin g is be li e ved to be th e m os t important 

process for formin g neosomes (Jo ha nnes 1988). 

The a na tec ti c be hav io ur of mos t roc ks c an be 

re la ted to th e ex pe rim e nta ll y d e te rmin ed me lt

ing reac tion s of qual"tz- feld s par mi x tures . M e lt 

in g processes a re co ntroll ed m a inl y by tem

pe ra ture, pro po rti o ns of qu a rt z , a lk a li -f e ld 

s pa r a nd pl ag io cl ase a nd th e ava il a bilit y of 

free wate r in th c roc k . If th e re is no fr ee w a te r , 

ro c ks und e rgo dehydration me ltin g wh e re mi 

cas brea k down into H
2
0-und e rsa tura ted s ili

ca te liquid and a nh ydrou s so lid s (Th o mpson 

1982, 1988 , Gra nt , 19 85 ). D e hydra ti o n me lting 

is capa ble o f producin g s ig nifi cant a mounts of 

me lt at hi g h te mpera tures onl y (Holt z & 10-
ha nn es 1994) . 

In th e V aa ras la hti ro c ks, va ri o us mec ha

ni s m s ha ve been in vo lved in th e fo rm a tion o f 

le ucoso mes a nd a na tec ti c me lts . Thi s has bee n 

d e te rmin e d on the b as is o f th e le ucos om e 

min e ra logy and te xture s . 

In th e co rdi e rite -K -fe lds pa r , ga rn e t-co rdi e r

ite a nd ga rn e t-cordi e rite - s pin e l zo nes , le u co

so mes a re m os tl y na rrow g ra niti c po d s a nd 

ve inl e ts w hi c h co ns titute ca . 10 - 15 % o f th e 

ro c k a nd wh ich prece de th e D, fa ultin g ( Fi g. 

3a) . In th e di a tex ite - s ti c to lite zo ne roc ks ex

hibit ev id e nce o f p a rti a l me ltin g , w hi c h at th e 

S E ma rg in o f th e intru s ion produ ced ga rn e ti 

fe ro us fe ls ic seg rega tion s ( Fi gs 3 b a nd Ilc ) 

a nd , a lo ng s hear zo nes nea r th e g ra n ite con 

tac t , di a te xites, whi c h hav e ra nd o ml y ori e nted 

me ta pe l i te a nd m e ta bas i te fr ag me nts a nd ga r

ne t xe noc rys ts but no di s tin g ui s ha bl e le u co 

so mes ( Fi gs. I I b a nd I I d ) . Thi s roc k type is 

c a ll ed diate xite, which i s d e fin ed by Jo nes & 

Bro wn ( 1990) a s a mi g m a tite pro duced by 

mod e ra te to hi g h d eg rees of pa rtial me ltin g 

whi c h exceed s th e rheol og icall y c riti c al me lt 

percentage and re s ult s in the di s ruption of 

mi g ma titi c a nd pre -mi g m a tltl c s tru c tures . 

In th e a re a so utheas t of the o rthopyroxe ne 

g ra nitoid , beg inning from th e mu scovite zo ne , 

me tagreywa c kes contain g ra nitic pod s wh ich 

a re mos tl y assoc ia ted with th e D , fa ultin g. In 

th e axi a l pl a ne o f th e D
3 

fa ult s , me dium 

g ra in ed g ra niti c ve in s a re co mm o n, a nd c ut 

a nd brecc ia te th e laye rs ( Fi g. 11 e). Th ese 

ve in s a re mu sco vit e - and bi o tite- bea rin g in 

th e mu scov ite zo ne , th e mo d a l a mo unt o f hy

drou s ph ases be ing up to ca . 5 %. In th e hi g he r 

g rade zo nes g ra niti c ve in s m ay co nta in ga rn e t 

but onl y ra re bi o tit e. Thi s indi ca tes e ith e r o f 

th e hi g he r a mo unt o f avail a bl e wate r in s hea r 

zo ne s, whi c h promoted m e ltin g a lread y in 

re lati ve ly low te mpe ratures , o r s impl y th a t 

s hea r zo nes we re c h a nn e lways fo r g ra niti c 

me lts . With in c reas in g te mpe ra ture H 20 - un

d e r saturate d liquid s with a nh ydro us solid s 

were th e m a in meltin g produc ts, ex ce pt the 

biotite- rich di a tex it e nea r th e co ntac t. 

The litho log ica l c ompos iti o n o f th e di a tex

ite -s ti c tolite zo ne nea res t th e contac t diffe rs 

be tween th e S E a nd SW marg in s o f th e intru 
s ion. 

N e xt to th e co ntac t on th e S E marg in a ga r

ne tife ro us ne buliti c mi g m a tite is present fo r 

up to 5 - 35 me te rs fro m the co ntac t (F ig. 

11 a). G a rn e ts a re ca. I - 5 mm in di a me te r , 

a nd comm o nl y oc cur in th e fe ls ic pa rt o f th e 

ro ck . Th e re a re a lso ga rn e ti fe ro u s po rph y riti c 

g ra nit e po d s in th e mi g ma tite . Beyo nd th e 

ne buliti c zo ne th e re is a f1 ec ky mi g m a t i te, 15 

- 50 m thi c k , co nta inin g a bund a nt le ucoc ra ti c 

segrega tion s , with garn e ts up to 10 - 20 mm 

in s ize ( Fi gs 3 b a nd 11 b ) . Th ese segrega ti o ns 

loca ll y d eve lo p into ve inl e ts th a t m ay di s rupt 

th e laye rin g (F ig. It c). M os t of th e ga rn e ti 

fe rou s seg rega ti o ns a nd ve in s fo rm ed durin g 

the deve lo pm e nt o f th e D
3 

faultin g a nd sc hi s

to s ity (Fi g. 3 b , c) , a lthou g h it is po ss ibl e th a t 

D, ha s reo ri e nted som e ea rli e r seg rega ti o ns . 

Garnet al so ove rg rows th e SO+S I+S 2 sc hi s to s i

ty in band ed meso somes. 
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Fig. lla) 

Fig.llb) 



54 Geologica l Survey of Finland , Bu lletin 382 
Penlli HÖ!lIä (ed.) 

Fig. 11 c) 

Fig. lid) 
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Fi g. ll e) 

Fig. ll. Migmatite structures: a) nebulitic migmatite at the SE contact , loc. 29; b) d iatexitc cutt ing f1ecky 
migmatite in the melting zone, loc. 24-5; c) garnetiferous seg regations developed into veins, loc. 29; d) 
diatexite c. 140 metres from the orthopyroxene grani toid contact, loc. 29; e) brecciating gran ite from the 
muscov ite zone, loc. PSH-88- 1 O. 

Diatexite , which cuts th e fl ec ky mi g matite , 

contains many large garnet xenocrysts which 
often ha ve retain ed fe lsic ma ntles (Fi g. ll b). 

Further from th e co ntact th e gra in s ize of ga r
net in di a tex it e is s maller a nd fe ls ic ha loes do 
not occur. On th e southweste rn marg in , th e re 

is no flecky mi g matitic layer next to the co n

tact , on ly diatexite , w hi ch is, however , coars
er g rain e d than on the SE mar-g in. Fe ld spar 

crystals up to I cm in di a me ter a re co mmon 
and the foliation is weak or a bse nt. 

MeIting textures in the diatexite-stictolite zone 

Garnets surrounded by quartzo-feldspathic 
mantles have been desc ribed from several hi g h

g rade re g ions, where they are mostly inte r
prete d as a product of deh ydration meltin g 
(Tracy & Robinso n 1983 , Waters & Wha les 
1984, Stüwe & Powell 1989 , Powell & Downes 

1990). 
The occurrence of abundant crystal faces in 

fe ldpars and cordie rit es in le ucosomes is con
s idered as evidence of former melt , because 

these mineral s do not generally g row c ry s tal 
faces in me ta morphic rocks. Prese rvation of 
ig neo us microstructures requires a lack of 

penetra tive deformation durin g or after the 
meltin g (Vernon & Co llin s 1988 , Vernon & 
a l. 1990). 

At Vaaras laht i, the preferred orientat ion is 

weak or absent in feld s pathic mantles sur
roundin g ga rnets. In K-feld spar-rich portions 
a lk a li feldspar c ry s ta ls can ha ve crysta l faces 
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aga in st qua rtz (Fi g . l 2a). Idi o mo rphi c co rdi e r
ites, sometimes with sec tor tw inning (F igs. 12b 

a nd 4c), are a lso co mmo n. In the presence o f 
pl ag ioc lase , K- fe ld spa r is o ft e n inte rs titi a l 
between euhedra l pl ag ioclase grain s (Fig. 12c) . 
Th e a mo unt o f inters titi a l qu a rtz (Fi g. 12e) is 
s ma ll in the fe lds pathi c ma ntl es but in co n
trast th e re are ma ny qu art z in c lu s io ns in th e 
po ikiliti c ga rn e t g ra in s (Fi gs 8c-d ). K-fe ld

spar a nd co rdi e rite so me tim es have a core 
wi th bi o tite a nd qu artz in c lu s io ns (F igs 4c , 

12e). If th e meso so me co nta in s abun da nt K
fe ld s par the segrega ti o n is a lso ri c h in K-fe ld 
s pa r, ofte n be in g sye ni t ic (T a bl e 2). Th ese 
fea tures may be due to th e s lowe r nu c lea ti o n 
ra te of qu a rtz co mpa red to o the r mine ra ls and 
to the nu c lea ti o n o f fe ld spa rs a nd co rdi e rites 

o n in co mpl e te ly me lted , pre-ex is tin g gra in s. 
A lm ost co mpl e te di sso lut ion of qu art z in th e 
me lt , indi cated by th e a bse nce of qua rtz in 
mesoso mes , leaves ve ry few unme lted nu c le i 
o n w hi c h to c rys ta lli ze (Ve rn o n & Co llin s 

1988) . Because qu artz is di sso lved in the me lt 
in large r a mo unts th a n o the r min e ra ls , a nd if 
th e re is so me me lt loss, it is lik e ly th at s ili ca 
is re moved fro m th e seg rega ti o ns mo re eas il y 

tha n o ther co nstitu e nt s a nd is re ta in ed o n ly 
w ithin inc lu s io ns in the g row in g ga rn et g ra ins. 

M c Le ll a n ( 1983) a nd As hwo rth & Mc Le ll a n 
( 198 5) have deve lo ped a me th od for s tud y ing 
a na tex is o n a tex tura l basis. A rando m di s tri
buti o n of minera ls is like ly to deve lo p if min 
e ra ls are crys ta lli zed fro m me lt o r fro m hy
dro th e rm a l fluid . M eta mo rphi c seg rega ti o n is 
c ha rac ter ized by agg rega te di s tributi o n, be

cause so lid s ta te nu c lea ti o n is co ntro ll ed by 

pre-ex is tin g c rys ta ls. A di s pe rsed di s tribu 
ti o n, w ith few co ntac ts be tween g ra in s of the 
same min e ra l ph ase , c harac te ri zes hi g h g rade 
meta morphi c rocks affected by annea ling, w hi c h 
te nds to des troy the hi g h-ene rgy co nt acts be 
twee n g ra in s of th e sa me min era ls. Poss ib le 

diffe re nces in the tex tu ra l matu r it y of meso
so mes a nd le ucos om es ca n prov ide ev ide nce 
fo r post-a nn ea li g m ig ma ti sa ti o n (M c Le ll a n 

1983). 
Mc Le ll an ( 1983) used the line- tra nsect me th 

od o f Kre tz ( 1969) a nd the X2 i nde pe nde nce 
tes t (e.g. V asa ma & Va rti a 1973) to s tud y the 
ra ndo mness o f di stributi o n . In the fe ld spa thi c 
ma ntl es aro und ga rn e ts in the Vaa ras la hti a u
reo le, the qu a ntita tiv e tex tu ra l a na lys is s hows 
a n agg rega te di s tributi o n w ith hi g h X2 va lu es 
(T abl e 3). Pl ag ioc lase ofte n occ urs in a lm os t 

mo no mine ra li c agg rega tes , where the s ize o f 
p lag ioclase g ra in s is cons iderab ly s ma ll e r th a n 

that of the coex is tin g a lk a li fe ldspa rs (Fig. 

12d ) . Beca use tex tures indi cate th e presence 
of me lt, the agg rega te di s tri but io n ca n be ex
p la ined by th e g rowth of mine ra ls o n pre-ex
is tin g unm e lted nuc le i . At low flui d: roc k ra
t ios, whi c h are like ly during de hydratio n me lt 
in g, g row th ca n be e pitax ia l o n p re-ex is tin g 

minerals (McLellan 1983). Theo bserved : expec t
ed ra tio of co ntac ts be tween g ra in s of the 
sa me min e ra ls is hi g h in le ucoso mes but a lso 

in so me meso o mes a nd in di atex ites , wh ic h 
indi ca tes the lack o f a nnea lin g afte r me ltin g . 

A ltho ug h th e di a tex ite co nta in s ma ny xe no
c rys ts fr o m th e mi g matite, th e rock tex ture is 

hypidio morphi c. Rectangular and sector-twinned 

co rdi e rites a re co mm o n, a nd fe ld spars have 
crys ta l faces aga in s t qu a rt z (F ig. 12f). Pl ag io

c lase r im s a re o ft e n myr me kiti c. T he a mo unt 
of po tass ium fe lds par is less in dia tex ite th a n 
in the fl ec ky mi g matite. T ripi e j un c ti o ns of 
co rdi e rite-q uartz-fe lds pa r a nd ga rn et- qu a rt z
fe ld spa r are com mo n. T hese tex tura l fea tures 
indi ca te that ga rn e t a nd co rdi er ite we re in 
equilibrium w ith the me lt. Oi atex ite c ut s th e 

seg rega ti o n- bea rin g mi g matite (Fi g . lI b) , and 

is th e refo re yo un ge r, but the age d iffe re nce is 
no t necessa ri Iy great, because bo th m ig mati te 
ty pes deve lo ped d urin g the 0

3
. T he a mo unt of 

me lt , a nd the a mo unt of wate r in th e me lt , 

p rodu ced a lo ng the s hea r zo ne a t the co ntac t 
we re probab ly large r th a n in the segregatio n
beari ng roc k, res ultin g in the gene ra tio n of 
bi o tite- bea rin g d ia tex ite . 



Fig. l2a) 

Fig. 12b) 

,', 

f 

Geological Survey of Fin land , Bulletin 382 57 
Relationship of granitoids , structures and .. . 

~1!'" ... '. 
- ;..: '1 

~ .. "" . , /, 

V. " 
, .• ( '. ' 

l ~ 
! 



58 Geological Survey of Finland, Bulletin 382 
Pen((; Hö/((ä (ed.) 

Fig. 12c) 

Fig. 12d) 
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Fig. 12e) 

Fig. 12f) 

Fig. 12. Microstructures in fe lsic segregations and diatexite in the diatexite-stictolite zone; a) crysta l faces of K-feldspar against 
quartz; b) rectangular cordierite; c) illlerst iti al K-feldspar between idiornorphic plagioclase crystals and gamet; notice the weak 
concentric zoning in a plagioclasc on the left side of the photornicrograph; d) an aggregate of plagioclase gra ins, surrounded by 
K-feldspars; e) srnall biotite inc lusions in K-feldspars and inters iti al quartz between feld spar crysta ls; f) crystal faces of plagioclase 
against quartz, diatexite on the SW contact of the orthopyroxene granitoid . 



Tab le 3 . T extura l ana lyses of d ia tcxi te -s t ic to lit e zo ne rock s. Q = q uart z, P = plag ioc lase, K = K- fe lds par, B = bi o tit e, C = cord ie rit e, M = cord ie rit e, ga rne t. 
L/ L = average ob sc rved: expec tcd rati o for contact s bc twecn the sa me min era ls; L/U = average obse rved :ex pec ted rati o fo r the co ntac ts be twee n diffe re nt 
mine ral s. v = 9 : X' 11.1" = 16.92 , X' 11111 = 2 1.67 , X' 0001 = 27.88; u = 16: X' 0o, = 26.30 , X' 110 1 = 32. 00 , X' 11I)() 1 = 39.25. 

Obse rved :ex pcc tcd 

Samp ie Phases n u X' X'/u QIQ P/Q K/Q B/Q CIQ P/ P K/ P B/ P C/ P K/ K B/ K C/ K B/ B CI B CIC Ll L LlU Spec ime n type 

19- I- PS H-86 Q.P .K, 245 16 202 .7 12.67 1.242.48 2. 15 1.5 1 2.3 1 1.89 1.00 2 .10 1.75 2. 10 3.54 1. 13 0.004.28 1. 37 1. 32 2.30 fe ld spathi c 

B,C mantl e on garn e t 

19- I- PS H-86 Q,P.K , 566 16 5 13.0 32. 06 0.00 1. 500.002.3 1 2. 102.72 3.49 2. 10 1.790.00 1. 802. 10 0.62 2 .95 1.29 0 .92 1.97 mesos ome 

B.C 

29-4 5- 1 Q.P .K, 588 16 504 .67 3 1 . 5~ 0.000.000.00 1. 984.1 92 .1 72.38 2.20 1. 546.37 1.70 1.4 1 0.903. 19 1.242 .1 42 .1 3 mesosome 

B, C 

QIQ P/Q K/Q M/Q P/ P K/ P M/P K/ K M/ K MIM LlL Ll U 

19- I- PS H-86 Q,P.K, 419 9 282.07 3 1.34 1.47 2.00 2.07 2.73 2.34 1.03 2. 0 8 3.86 1.42 1.32 2.25 1.92 cord ie ri te- beari ng 

leucoso mc M 

QIQ P/Q K/Q B/Q M/Q P/P K/ P B/P M /P K/ K B/ K M/ K B/ B M/ B MIM Ll L Ll U 

24- 39 Q. P,K, 652 16402.0725. 13 0.98 2.36 1.56 2.35 2.83 1.60 2 .5 8 2.30 1.93 1.93 1.98 2.52 1.35 1.55 0 .82 1. 34 2. 14 di atex ite 

B,M 

26- 130-2 Q. P,K. 29 3 16282 . 10 17.63 0.72 2.6 7 1. 90 2.50 2 .37 1. 660.73 2.4 J 2 . 16 11.4 0.56 0 .56 0. 19 2. 52 1. 18 3.02 1.96 d iatex ite 

B,M 
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GEOTHERMOMETRY AND GEOBAROMETRY 

Temperatures and press ures were ca lculat

ed usin g the program GEOPATH by Gerya & 
Pe rchuk (1992), which uses internally con
s is tent th e rmodynamic data . Thermometers 

used were ga rnet-biotite , garnet-cordierite, 
ga rnet- spi nel , cordierite-spinel, ga rne t-o rthopy
roxene a nd biotite-orthopyroxene. Ba rometers 
were cordierite-sillimanite-garnet-quartz (CA GS ) 
and cordi e rite -spinel -quartz. In addition, pre s

sures were calculated with the ga rnet-plagio
clase-sillimanite-quartz (GASP) barometer of 

Koziol & Newton ( 1988), the garnet-biotite
muscovite-pl ag ioclase barometer (GPBM) by 
Hodges & Crowley ( 1985 ) a nd th e ga rnet
orthopyroxene-plagioclase-quartz (G AFS) ba
rometer by Essene (1989). Press ures and tem

peratures during the g rowth of the la rge gar
net in Fig. 10a were estimated us in g the gar
ne t-ilmenite thermometer of Pownce by et a l. 

( 1987), and the thermodynamic TWEEQU soft
ware (Berm a n 1988 , 1990, 1991 ) . Th e result s 
are presented in Appendi x 3 and in Fig. 13. 

In the ga rnet-biotite thermometry , the com 
positions of ga rnet cores and biotites not in 
co ntac t with ga rnet were used to es tim ate the 
peak tempera tures. The ave rages of ga rnet

biotite a nd ga rn et-cordi er ite (i n brackets) tem
peratures are 547 °C in the mu scov ite zo ne, 
624°C in the cord ierite-K-fe ldspar zo ne , 640°C 
(63 1°C) in the garnet-cord ie rite zone, 650°C 

(623 °C) for the garnet-cord ierite-spine l zone 
a nd 696 °C (7 15 °C) for the diatexite-stictolite 

zo ne . 
The garnet-bio tite a nd garnet-cord ie rite tem

peratures should be treated with caution be
cause of the strong rehydration and possible 

cation exchange during cool in g. The cordier
ite hydration reaction (I) that produced bio
tite and AI-silicate (si l, and , kya) was very 
prominent , and during that reaction cordierite 
and biotite compositions become more mag
nesian (Thompson 1976a). Disequilibrium is 

indi cated by a large difference between grt
crd and grt-bt temperatures in so me spec i-

men s, e.g. sa mpie PSH-88-24. I a (Appendix 

3), where the garnet-cordierite temperature is 
almost 100°C lower than the ga rnet -biotite 
temperature. Garnet-spinel tempe ratures are 
unreali s ti ca lly hi g h, which may be caused by 
the retrog rade net -t ra ns fer reaction (4 ) a nd 
exchange be tween cordierite and spinel dur
ing cooling, which is also indicated by low 
crd-spl te mpe ratures. 

The ga rnet-orthopyroxene thermometer gave 
temperatures between 680° and 750 °C for the 

meltin g zo ne a nd ' hot spot' when the compo
sition s of ga rnet a nd orthopyroxene after ga r
net were used. In cases where there are s ma ll 
garnets on orthopyroxenes the calculated tem

peratures are co nside rably lower , ca. 570°C 
(sa mpi e 25-15-2 in Appendix 3). The biotite
orthopyroxene te mpe rat ure for the sa me spec i
men is 826°C, which is evidence for late ga r
net growth. 

The calcium zo ning in ga rnet s in me tapelites 

is norm a ll y weak (Fig. 8) and th e core com
position s of minera ls in contact with each 
other we re used in th e g rt-pl -s il -qtz (GAS P) 
barometry. Where ga rn e t had pl agioc lase in 

c lu s ion s, a lso the composi tion of the in c lu sio n 
a nd an a na lys is point in garnet next to th e 

inclusion were used in the calculation. Esti
mated temperatures were used in GASP ca lcu
latio ns instead of so lv in g the barometer equa

tion s imulta neo us ly with th e ga rn e t-b iot ite 
thermometer, because of the possible retro
g rade effec ts on thermometry. The GASP pres
sures are c lose to the crd-s il-grt-qtz (CAGS) 

pressures. The averages of the GASP (CAGS 
in brackets) pressures are 4.3 (4.0) kbars in 
the garnet-cord ier ite and garnet-cordier ite
spinel zones and 5.3 (5.1) kbars in the melting 
zone. The KD:s of the GASP reaction are 
approximate ly the same in a ll zones. 

When plagioclase in c lu s ion s in garnet are 

used , the GASP pressures in the garnet-cordier
ite zo ne are ca . I kbar hi ghe r than pressures 
ca lc ul ated us in g matrix plagioclases (Appe n-
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di x 3) , if th e sa me temperature is used in the 
ca lcul a tion. Thi s a lso hold s tru e fo r ga rnets 

th at ha ve ca lc ium-rich cores . If the ca lc ium 
di stribution be tw ee n garnet and pl ag ioclase in 
th ese roc ks is ma inly controll ed by th e reac 

ti o n a n = g rs + s il + qtz, a lo we r te mpe rature 
o r hi g he r press ure durin g th e ea rl y garn e t 
g ro wth is a poss ible e xpl a nati o n fo r thi s kind 

of ca lc ium di s tribution be twee n ga rn e t an d 
pl ag ioc lase in c lu s ion s. 

The spine l ba rom e te r of Se ife rt & Schu 
mac he r ( 1986) g ives co ns iste nt res ults with 
th e GASP ba ro me te r, a t 4.4 - 4 .9 kb ars (Fi g. 
9 ). Th e z inci a n spin e is , fo r whi c h the hi g h 
ga hnit e compo ne nt was inte rpre ted as the re
su lt of retrog ress ion , g ive the sa me pressure 
as o ther s pin e is. Thi s indicates co mpos ition a l 

c ha nges unde r isobari c co nditi o ns. 
The garnet-orthopyro xene-pl ag ioc lase-quartz 

barometer (GAFS , Fe-reaction because the ph a

ses are iron -rich ) g iv es pre ss ure of 4.4-4 .7 
kb a rs ( logK = 2 .2-2.4), whe n th e co mposi
ti o ns o f ga rn e t a nd orthopyro xe ne a ft e r garne t 
a re used in the cal c ulation s . Wh e n us in g the 
compos ition s of s ma ll ga rn e t g ra in s on ortho 

pyroxe ne , te mpe ratures are around 570°C , but 

th e 10g K of the GAFS reac ti o n re main s clo se 
to 2 .2, g iv in g a press ure o f 3. 0 kb a rs . Th is 
indi ca tes a n uplift o f ca. 6-7 kil o me tres du r
in g coo lin g by I SO -200 °C . Th ese ga rn e ts a re , 
ho weve r, s ma ll a nd the ir co mpos iti o ns may 

have bee n c ha nged by late diffu s io n, so that 
th ey m ay reco rd so me what lo we r press ure 
th a n th a t durin g the ne t t ra ns fe r reac ti o n (7) , 

thro ug h whi c h th ey form ed . 

Th e compos ition s of in c lu s io ns in ga rn e t 
ha ve been used to constru c t th e PT pa th du r
in g ga rn e t g ro wth (e.g. St. On ge 198 7 ) , pro
v ided th at th e compos iti o ns of poss ibl e pre
pea k in c lu s io ns did no t c ha nge durin g the 
meta mo rphi c ma ximum o r coo lin g. In th e ' ho t 

spo t ' a rea th e re a re large (> I 0 mm i n di a me
te r) ga rn e ts in bas ic bo udin s in mi g matite th a t 

contain abu nda nt p lag ioc lase , i Im e n i te , bi 
o tite, quart z a nd apatite in c lu s io ns, a s we il as 

sporadic cummin g tonite, K- fe ld s par a nd car
bo nate. Th e ma trix assembl age is bt-opx -pl 
qt z- ilm -c m a nd ga rn e t rim s have pl ag ioc lase
o rth opyroxe ne coro nas o n rim s. Th e zo nin g of 

o ne such ga rn e t a nd the co mpos iti o ns of its 
plag iocla se, c ummin g tonite and ilm e nit e in

c lu s ion s a re prese nted in Fi g . 10. The garne t
ilme nite te mpe ratures for the ga rn e t core, us

in g th e inc lu s ion d ata , a re ca. 6 15 - 625 °C 

(Appe ndi x 3) . Towards the rim s the ga rn e t
ilme nite te mpe ratures fir st decrease and the n 

increase again . Although so me ca lc ulated te mpe
ratures are unrea li s ticall y lo w, thi s tre nd is 
s imilar to th a t o bse rved in a large ga rn e t in the 

nea rb y Pi e laves i gra nulite bl oc k ( Hö ltt ä 1988). 
Th e tempera tures a nd press ures fo r the g ro wth 

o f garnet co re a nd rim , us in g bo th the amphi 
bol e and pl ag ioc las e inclu sio n data and co m
po siti o ns o f o rth o pyro xe ne a nd pl ag iocl ase o n 
the garnet lim, were also calculated with TWEEQU 
software (Berman 1988 , 1990, 1991 ) , us in g Be r
man ' s own a nd Holland & Po we W s ( 1990) 

data sets . The res ults are presented in Fi g . 13, 

a nd sho w a hi g her press ure o f ca. 1- 1.5 kb a rs 
fo r the g row th o f th e ga rn e t co re . Th e inte r

pre ta ti o n o f c ummin gtonite inc lu s io ns as pro
g rade re li cs is suppo rted by the fac t th at c um 
min gtonite is abund a nt in lower grade ma fi c 

rocks. In th e matrix surroundin g garn e ts in 
th e a nal ysed spec im e n cummin g to nite is pre
se nt as a ra th e r rare a lte ra ti o n produ c t o f 
o rthop yro xe ne , whi c h occ urs never as inc lu 

s ions in garn e t. The e ffect of th e poss ibl e la te r 
Fe -M g exc han ge between ga rn e t and am phi 
bole is re fl ected mainly in the calculated te mpe
ra ture but does no t influe nce pressure a ppre
ciably in those reactions employed by TWEEQ U. 
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Fig. 13. Pressures and temperatures, 
ca iclil ated with the TWEEQU. forcores 
and rims for gamet PSH-88-4.3. H&P: 
ca lclilated us ing the Holl and & Powe ll 
( 1990) data set; B: calculated using 
Bennan 's own data set. Reactions are: 
1.3qtz+grs+2alm=3an+3fs 
2.3en+2alm=3fs+2prp 

2 

2 

500 800 

3. grs+2prp+3qtz=3en+3an 
4.3tr+5alm=5prp+3Fetr 
5.27qtz+ 10prp+ll grs+6W=21an+6tr 
6.27qtz+IOalm+ll grs+6W=2 Ian+-

6Felr 
7.7al m+3cum=7prp+3gru 
8.27qtz+14prp+7grs+6W=21an+6cum 
9. 27qtz+ 14alm+7grs+6W=2Ian+6gru 

DISCUSSION 

Pressure -temperature -a
1ilO 

grids and the p oT path 

Reactions described a bove were placed on 
the PT diag ram s in Fi g. 14 by us in g the pro
gram THERMOCALC (Holland & Powell 1990) 
and representative compositions of mineral s . 

The granite meltin g curve is from Thompson 

(1982) and the biotite dehydration meltin g 
curve from Le Breton & Thompson ( 1988). 

From Fi g. 14 it can be concluded that the 
initial water activity mu st have been rather 
high close to the D) shear zo nes in the mus
covite zone, where melting had beg un before 
muscovite and biotite decomposition (if e.g. 
the granite in Fi g . 11 e represents in situ melt-

ing and not coming from deeper sources through 
the shear zones). Th e lowe red water activity is 
a poss ible explanation for many of the reac
tion s observed at the ga rnet-cordierite and 

ga rnet-co rdierite-spinel zones. The spinel -pro
ducing biotite brea kdown reaction (6) is more 
dependent on the water activity than reaction 
( I) , so , by low e ring the a

H20
, the temperature 

difference between these two reactions be
comes s maller at fixed press ure and composi
tion s. This is in acc ordance with the fact that 
geothermometers show a difference in tempera
ture of only about 30°C between the cordierite-
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Fig . 14. Parti al pelrogene lic grids, conslrucled by placing lhe obse rved reaclions on lhe PT d iagra m with lhe 
program TH ERMOCA LC (Ho lland & Powell 1990), us ing represenlali ve mineral compos iti ons in the ga rnet
cordierile and garnel-cordier ile-spine l zones; a) quarlz-bearing, b) quartz-absenl equilibri a. Heavy lines: a,"o = I. 
narrow lines: al/20 = 0.2. Thc reaclion ab + kfs + qlz + V = L is from Thompson ( 1982) and lhe rcac tion bl"" 0.56 
+ A I-s ili ca te + pi + qlz = grt + kfs + L from Le Breton & Thompson ( 1988). The arrow shows lhe poss ible cooling 
paths: the shaded area is for lhe earl y regio nal me lamorphi sm before lhe iJ1l rusion of lhe pyroxene grani to id and 
other porphyriti c granito ids; the bar is fo r the PT array of the contact metamorphi sm (see tex t). 



K-feldspar zo ne and the garnet-cordierite-spi
nel zone. A reason for slowly increasing tem

perature could also be the uni variant reaction 

(2) bt + als + qtz == grt + crd + kfs + melt , 
which buffered the temperatUl'e increase. In 
the diatexite-stictolite zone no primary s illi
manite remains and the temperature was thus 
able to increase . 

Therefore , an explanation for the appear
ance of spinel in reac tion (4) may be lowered 

water activity towards the pyroxene granitoid. 
This is attributed to initial partial melting in 

pelitic rocks or the granitoid itself, because 
H 20 is strongly partitioned into silicate melts 
(c.f. Powers & Bohlen 1985). The formation 

of garnet and s illimanite from spinel and cordier
ite (reaction 8) might be re sult of either cool
ing or the continuing decrea se in water activ
ity (Fig. 14b). The water activities in fluid , 
calculated with the GEOPATH, are mostly 

less than 0.4 in the garnet-cordierite-spinel 

a nd garnet-cordierite zones , except for the 
s pecimen farthest from the contact , but higher 
than 0.4 in the diatexite-stictolite zone, where 
spinel is rare. Another explanation for the ap
pearance of s pinel is the whole rock zinc con

tent , which shifts spinel-forming reactions to 

lower temperatures (Mon tel et al. 1986, Hand 
et al. 1994). 

The release of water from the solidifying 
g ranitoid body has enhanced melting, and may 
also have been responsible for the disappear
a n ce of spinel in the inner part of the diatexite 
zone. However , a more pl a us ible cause may 
be intensive biotite melting , which would have 
first consumed all sillimanite in the rock , 

after which melting reaction would have con

tinued , con uming in the process another alu
minous phase, which in thi s case was spinel. 

The decrease in g rossular content and in
crease in pyrope content towards the edges in 
the large garnet PSH-88-4.3 (Fig. 10) sug
ges ts that the rim crystallized at a lower pres
sure than the core. Becau se these kind of 
zoning profiles are not present in garnets in 

pelites (altough there are a few garnets with 
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relatively Ca-rich cores) , a nd becau se garnet 

is already present in mafic rocks in the mu s
covite zo ne , th e ga rnet interiors ca n be in
tepreted as representing an earlier stage of 
metamorphism than the biotite breakdown re

action (2), attributed to the contact metamor
phism and which produced most ga rnets in 
pelites. Evidently there were two metamor
phic events , the first taking place in the mu s
covite field and at a slightly higher pressure 
than the second , wh ich was caused by pyrox

ene granitoids after so me decompression and 

which was in turn followed by coo ling with 
minor uplift. 

Barometers show a difference of ca. I kbar 
in crystallization press ure between the diatex
ite-stictolite zone and the garnet-cordierite zone 
in Vaaraslahti. This can be explained by uplift 
during the emplacement of the orthopyroxene 
granitoids, the heat flow from the cooling pluton 

to the surrounding pelites taking place during 

exhumation, and the contact metamorph ic effect 
reachin g the points farthest from the contact 
relatively late (Norto n & Kni ght 1977, Pea
cock 1989). However, this assumption is based 
only upon thermobarometry , which may have 

been affected by retrograde phenomena, espe
cially in the case of relatively small ga rnets in 

the garnet-cordierite zone farthe s t from the 
contact. The contact metamorphic heating was 
more probably near-isobaric , becau se the rocks 

near the contact do not show especially inten
s ive decompres s ion reactions: e.g. the reac
tion (10) grt+sil+qtz==crd would have altered 
garnet formed in (2) into cordierite, if there 

had been substantial exhumation during the 

therm al maximum. This would also have ta
ken place during isobaric heating , if the dP/dT 
slope of the reaction (10) is positive, as pre
se n ted in Fig. 14a. Both negative (Thompson 
1976b, Holdaway & Lee 1977) and positive 
(Hutcheon et al. 1974, Martignole & Sisi /981 , 
Aranovich & Podless kii 1983 ) s lopes have 
been suggested for reaction ( 10) on the basi s 
of theoretical and experimental studies. Ac
cording to Newton & Wood (1979) the slope 
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is gently negative in low pressures and posi
tive in higher pressures . If the contact meta-

morphic heating was isobaric , a negat ive lope 
is favoured for these compositions. 

Tectono-metamorphic evo lution 

Pyroxene granitoids represent much hotter 
magma compared with other sy nkinematic gran
itoid s, because other g ranitoids only seldom 
have granulite facies contacts. However, with
in the study area the grade also increases near 
the contacts of pyroxene-free porphyritic gran
itoids (Fig. 2) . Questions which arise include: 
a) was the contact metamorphism associated 
with pyroxene granitoids a discrete event that 
post-dated regional metamorphi s m; b) was 
mantle-derived magmatism the cause of low
P - high-T regional metamorphism near the 
Archean craton. 

The high-grade metamorphi s m in the Pie
laves i granulite block and nearby areas was 
concurrent with regional 0 2 deformation (Pa
junen 1986, 1988). Rocks in the granulite block 
are mostly intermediate and bas ic pyroxene
bearing intrusives which exhibit the S2 schis
tosity. Most of the 1.885 Ga granitoids in the 
craton margin have the S2 schistosity , although 
there are differences in its inten s ity , and on 
this basis they are classified as 01-02 rock s 
(Ward 1988 , Luukas 1991) . The Vaaraslahti 
pluton does not show either the S2 or the S3 
foliation , but its contact metamorphic aureole 
started to develop during the 0 2 and the early 
0 3' as indicated by the syn-S 2 cordierites and 
early 0 3 feldspars, cordierites and garnets, 
observed in the cordierite-K-feldspar and gar
net-cordierite zones (Fig 5) . For thi s reason it 
is probable that there was no considerable 
time gap between D 2 and D3; the g rowth of 
cordierites, alkali feldspars and garnets can be 
related both to D

2 
and D3. Furthermore, the 

development of D2 and D3 was a s hort-lived 
event becau se the U-Pb z ircon ages of the D 2 
intrusions and pyroxene granitoids are the 
same. The weak deformation in th e pyroxene 

granitoid s hows that it was not sufficiently 

crystallized during the D3 to deform; late 
so lidification is also indicated by the relative
Iy young Rb-Sr age of the pluton (Hauden

sc hild 1995) . 
The crystallization pressure , s hown by the 

barometry , in the Pielavesi granulite block is 
c . I kbar higher than in the Vaaraslahti con
tact aureole and in the contact zones of other 
porphyritic orthopyroxene granitoids intrud
ing the Pielavesi block (Hölttä 1988). If this 
relatively s mall pressure difference is real , it 
means uplift of the Pielavesi block before the 
emplacement of orthopyroxene gra nitoids. The 
zoning and inclu s ion data in garnet PSH -88-
4.3 (Fig. 10) also s uggest that during the early 
stage of metamorphi s m rock s were at pres
sures 1-1 .5 kbars higher th an during the high
est grade event , evidently due to heat from the 
pyroxene . In this sense the contact metamor
phism due to the orthopyroxene granitoids is 
slightly younger than granulite metamorphism 
in the Pielavesi block , although the zircon U
Pb ages are within error limits the same for 
pyroxene-bearing igneous rocks and related 
granulite facies metamorphics both in the Pie
lavesi block and in the Vaaraslahti aureole. 

Being near-isobaric , the contact metamor
phic heating of the pyroxene granitoids was a 
rapid event in regard to the rate of uplift. The 
preservation of growth zoning profiles in gar
nets of the granulite facies rocks (Fig. 8c) 
indicates rapid initial cooling for the Vaa
raslahti rocks , because in high-temperature 
rocks diffu s ion would have otherwise homo
genized minerals (Tracy 1982) . The lack of 
annealing in the melting zone also suggests 
rapid cooling. evertheless, the cooling rate 
must have been retarded at some stage, be
cause the K-Ar ages on biotite in the garnet

cordierite and higher grade zones are all 1.74-



1.79 Ga, and in lower grade zones even young
er. (Haudenschild 1988). 

It has been suggested that 10w-P metamor
phie belts can develop through numerous 10-
cal metamorphie events associated with intru
sions (Barton & Hanson 1989, Stüwe et al. 
1993). The abundance of exposed synkine
matic, 1.88 - 1.89 Ga I-type granitoids and 
other igneous rocks in central Finland sug
gests that the main cause of regional low-
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press ure metamorphism was high heat flow 
connected with magmatism . The regional meta
morphism may have been developed through 
successive local heating events at slightly 
different levels in the crust, the pyroxene
bearing intrusions releasing more heat into 
their surroundings than other infracrustals. 
The inclusion data in garnet PSH-88-4.3 (Fig 
lOa) also suggests that there might have been 
two heating stages. 
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A ppe ndi x 1. Representative microprobe analyses of minerals. Jf not mentioned , analy ses represent core compo
sitions. Sam pIe location s are shown in Fig. 2. r = rim composition , i = inclusion in gamet. n.d. = not determined. 

2 

Si02 32.52 34.34 
Ti02 4.22 4 .96 
A1203 17.17 16.26 
FeO 20.16 17.88 
MnO 0.04 0.04 
MgO 10.44 11.28 
CaO 0.03 0.02 
Na20 0.06 0 .05 
K20 9.55 9.38 
ZnO n.d. 0 .00 
Total 94.19 94.21 

Formu1a 22 (0 ) 22 (0 ) 

Si 5 .0966 5.2926 
Ti 0.4974 0.5749 
AI 3.1714 2.9536 
Fe 2.642 2 2.3046 
Mn 0.0053 0.0052 
Mg 2.4387 2.5913 
Ca 0.0050 0.0033 
Na 0.0182 0.0149 
K 1.9092 1.8442 
Zn n.d. 0.0006 

= Biotite , 18-3- 1 
2 = Biotite , 24-5 
3 = B iotite , 29-25-1 
4 = Biotite , PSH -85- 18.1 
5 = Biotite, PSH-88-25 
6 = Biotite, PSH-88-40 
7 = Biotite , PSH-88-2 .3 
8 = Biotite , PSH -88-12.2 
9 = Biotite , PSH-88-1 
10 = Gamet, 29-3-1 
11 = Gamet, PSH-88-4 .3 
12 = Garnet , 24-5 
13 = Garnet , 18-3-1 

3 4 5 6 7 8 9 10 11 12 13 

34.50 35.09 36.23 35.41 35.57 34.82 35.58 38 .34 37.39 36.50 35.99 
4.03 1.76 2.85 2.53 1.62 2.44 2.57 0.02 0.0 3 0.10 0.04 
16.51 18.68 17.52 18 .75 18.68 17.06 16 .85 2 1.90 21.30 21.39 21.35 
19.17 18.91 16.69 18.43 20.73 20.78 24.89 31.86 32.14 33.67 36.69 
0.04 0 . 15 0.04 0. 12 0.03 0.05 0.42 0.83 2.41 0.90 0.66 
10.90 9.64 11.45 10.04 8.74 9.47 7.06 6.12 4 .08 6.64 5.08 
0.01 0 .03 0.04 0.02 0.03 0.04 0.16 1.07 3.20 1.0 I 1.09 
0.10 0.09 0.13 0.08 0. 19 0 . 17 0.05 0.02 0 .01 n.d. 0.04 
9.47 9.74 9.75 9.87 9.07 8.96 8.86 0.01 0.0 1 0.01 0.01 
0.02 n.d. n.d. 0.06 n.d. n.d . n.d. 0.00 0.02 n .d. 0.01 

94.75 94.09 94.70 95.31 94.65 93.79 96.44 JOO.18 100.59100.21 100.96 

22 (0) 22 (0 ) 22 (0 ) 22 (0 ) 22 (0 ) 22 (0 ) 22 (0 ) 12 (0 ) 12 (0 ) 12 (0 ) 12 (0 ) 

5.31805.4 177 5.4858 5.3841 5.4687 5.43J7 5.4981 3.00292.9725 2.9033 2.8827 
0.4672 0 .2044 0.3245 0.2893 0. 1867 0.2861 0.2989 0.00 J I 0.0018 0.0060 0.0024 
2.99943.39913 .12653 .36003 .38393. 13643.06852.0219 1.99592.00522.0155 
2.47 12 2.44J6 2.IJ34 2 .3435 2.6655 2.7110 3.215 8 2.0868 2.1368 2.2397 2.4577 
0.0052 0.0196 0.0051 0 .0155 0.0043 0.0071 0.0551 0.0553 O. J 621 0.0606 0.0448 
2 .5043 2.2184 2.584J 2.27542.0023 2.2008 1.62660.71500.48380.7872 0.6065 
0 .00 J 7 0.0050 0.0065 0.0033 0.004 J 0 .0067 0.0260 0.0900 0.2726 0.0857 0 .0935 
0.0299 0.0269 0.0382 0.0236 0.0560 0.0502 O.OJ 41 0.0027 0.00 14 n.d. 0 .0062 
1.8621 1.9183 1.8832 1.9144 1.7785 1.7820 1.7456 0.00J5 0.0008 0.0008 0.0008 
0.0023 n.d. n.d . 0.0067 n.d. n .d . n.d. 0.00000.0012 n.d. 0 .0006 
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Appendix 1. Cont. 

14 15 

Si02 36.22 37.72 
Ti02 0.04 0.00 
AI203 21.62 21. 14 
FeO 37.56 35.03 
MnO 0.72 2.77 
MgO 4.69 3.75 
CaO 1.00 0.99 
Na20 0.06 0.03 
K20 0.10 0.01 
ZnO n.d. n.d. 
Total 102.01 101.44 

Formula 12 (0) 12 (0) 

Si 2.8798 2.9948 
Ti 0.0024 0.0002 
AI 2.0259 1.9781 
Fe 2.4975 2 .3259 
Mn 0.0485 0.1863 
Mg 0.5558 0.4438 
Ca 0.0852 0.0842 
Na 0.0092 0.0046 
K 0 .0101 0.0010 
Zn n.d . n.d. 

14 = Garnet, 18-3-I-r 
15 = Garnet, PSH-85-18.1 
16 = Garnet, PSH-88-25 
17 = Garnet, PSH-88-40 
18 = Garnet, PSH-88-2.3 
19 = Garnet, PSH-88-1 
20 = Ilmenite , L8-3-1 
21 = Ilmenite, PSH-88-2.3 
22 = Ilmenite, PSH-88-1 
23 = Cord ieri te, 24-5 
24 = Cordierite, 18-3-1 

16 17 18 19 20 21 22 23 24 25 26 

38.45 37.88 38.28 37.79 0.09 0.05 0.04 46.47 47.37 48.30 49.51 
0.04 0.04 0.02 0.01 57.06 51.22 48.36 n.d. 0.01 0.01 n.d. 

20.42 21.55 21.54 20.91 0 .03 0.04 0 .02 32.48 32.94 32.79 31.84 
33.05 33.38 32.44 2 I. L 7 43.51 45.27 41.83 7.73 9.13 8. 18 7.51 
1.33 2.33 2.44 L4.72 0.29 0.48 7.52 0.04 0 .04 0.23 0.14 
5.15 4.50 2.99 1.05 0.10 0.44 0 .00 9.05 8.64 8.43 8.85 
I. I I I. 7 I 2.87 4.31 0.17 0.07 0.08 n.d. 0.03 0.01 n.d. 
0.03 n .d . 0 .01 0.02 n.d. 0.00 0.00 0.05 0.09 0.11 0 .08 
0.02 n.d. 0.01 0.00 0.04 0.00 0.00 0.01 0.02 0.0 I 0 .02 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d . n.d. 0.05 

99.60 101.39 100.60 99.99 101.29 97.58 97 .85 95.83 98.27 98.07 98.00 

12 (0) 12 (0) 12 (0) 12 (0) 3 (0) 3 (0) 3 (0) 18 (0) 18 (0) 18 (0) 18 (0) 

3.0601 2.9837 3.0326 3.0437 0.00220.0013 0.00104.90874.90984 .9877 5.0917 
0.0024 0.0024 0 .00 I 0 0.0009 1.0462 0.9944 0.9544 n.d. 0.0007 0.0008 n.d. 
I. 9 153 2.0006 2.0 I I 6 1.9848 0.00090.0012 0.0007 4.0436 4.0238 3.9907 3.8592 
2.1997 2.1988 2.1490 1.42620.8871 0.9772 0.91800.68290.79140.70640.6459 
0.0897 0.1555 0.1636 1.0043 0.0061 0.0106 0.1672 0.0036 0.0035 0.020 I 0.0122 
0.6109 0.5283 0.3526 0.1264 0.0036 0.0170 0.0000 1.4249 1.3348 1.2975 1.3566 
0.0946 0.1443 0.2438 0.3716 0.0044 0.0020 0.0022 n.d. 0.0033 0.001 I n.d. 
0.0046 n.d. 0.0023 0.0027 n.d. 0.0000 0.0000 0.0102 0.0181 0.0220 0.0160 
0.0020 n.d. 0.0009 0.0000 0.0012 0.0000 0.0000 0.0013 0.0026 0.0013 0.0026 

n.d. Il.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.0038 

25 = Cordierite, PSH-85-18.1 
26 = Cordierite, PSH-88-25 
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Appendix 1. Cont. 

27 28 29 30 31 32 33 34 35 36 37 38 39 

Si02 45.31 47.42 49.37 48.78 59.46 58.95 58.62 44.50 60.74 60.53 59.74 57 .95 59 .1 9 
Ti02 0 .61 0.01 0.16 0.10 0.01 0.01 0.03 n.d. 0.01 n.d. 0.02 0.06 0.00 
A1203 34.64 33.62 3.66 1.01 24.66 24.69 23.88 32.86 24.30 24.19 25.35 2.87 25.33 
FeO 0.87 3.75 31.00 36. 17 0.06 0.02 0.05 0.02 0.02 0.02 0.01 0.20 0.05 
MnO n.d. 0.05 0.26 0.90 0.01 0.01 0.02 n.d. 0.06 n.d. 0.00 0.01 0.00 
MgO 0.57 0.65 15.30 13.24 0.00 0.00 0.01 n.d. n.d. 0.02 0 .00 n.d. 0.00 
CaO 0 .01 0.06 0.13 0.40 6.43 6.35 5.7 I 16.80 5.98 6.73 7 .27 8.9 I 6 .78 
Na20 0.83 0.22 0.01 0.00 7.55 7.66 8.30 1.53 7.9 I 7.53 7.23 6.49 7 .90 
K20 8.96 10.14 0.00 0.00 0.22 0.26 0.28 0.01 0 .22 0.16 0 .1 9 O. I 6 0 . 10 
ZnO 0.02 n.d . 0.00 n.d. 0.00 0.03 0.02 n.d. 0 .01 n.d. n.d. 0.02 n.d. 
Total 91.82 95.92 99.90 100.59 98.40 97.98 96.92 95.72 99.25 99. I 8 99.81 100 .67 99.35 

Formula 24 (0) 24 (0) 6 (0) 6 (0 ) 8 (0) 8 (0) 8 (0) 8 (0) 8 (0) 8 (0) 8 (0) 8 (0) 8 (0 

Si 6. I 954 6 .3143 1.9151 1.94252.68802.67942.69622.13692 .71852.7131 2.666 I 2 .58 I 0 2.657 I 
Ti 0.0627 0 .0014 0.0048 0.0030 0.0005 0.0002 0.00 I 0 n.d. 0 .0003 n.d. 0.0007 0.0020 0.0000 
AI 5.5822 5.2770 0.16710.0473 1.3139 1.3226 1.2945 1.8597 1.2818 1.2779 1.3334 1.4104 1.3404 
Fe 0.0995 0.4177 1.0054 1.2047 0.0023 0.0008 0.00 I 9 0 .0008 0.0007 0.0007 0.0004 0.0074 0.00 I 8 
Mn n.d. 0.0054 0.0087 0.0304 0.0003 0.0003 0.0008 n.d. 0.0023 n.d. 0.0000 0.0004 0.0000 

Mg 0.1162 O. I 298 0 .8848 0.7859 0.0000 0.0002 0.0007 n.d. n.d. 0.0013 0 .000 I n.d. 0.0002 
Ca 0.0015 0 .0083 0.0054 0.0 I 71 0.31 15 0.3092 0.28 14 0.8644 0.2868 0.3232 0 .3476 0.4252 0.326 3 
Na 0.2200 0.0563 0.001 I 0.0000 0.6615 0.6750 0 .7402 0.1424 0.6864 0.6544 0.6256 0 .5604 0.6875 
K 1.5628 1.7219 0.0000 0.0000 0.0 I 27 0.0 I 54 0 .0164 0.0006 0.0 I 26 0.0091 
Zn 0.0020 n.d. 0.0000 

27 = Mu scov ite, PSH -88- 10.1 
28 = Muscovite , PSH-88 - 1 
29 = Orthopyroxene, 29-3-1 
30 = Orthopyroxene, PSH-88-4.3 
3 I = Plagioclase. 29-3- I 
32 = Plagioclase, 18 -3- I 
33 = Plagioc lase, 24-5 
34 = Plagiocla se, PSH-88-4.3 
35 = Plagioc lase , PSH -85- 18.1 
36 = Plagiocla se , PSH-88-25 
37 = Plagioclase, PSH-88-40 
38 = Plagioclase, PSH-88-40-i 
39 = Plagioc la se, PSH-88 -2.3 

n.d. 0.0000 0.0010 0.0007 n.d . 0.0003 n.d. 
0.0 I 08 0.009 I 0.0056 

n.d. 0.0007 n.d. 
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Appendix 1. Conl. 

40 4 1 42 43 44 45 46 47 48 49 50 

Si02 45.35 64.23 45.09 0.03 0.03 0.03 28.77 26.72 65.5 1 64 .25 52.50 

Ti02 0.0 1 0.00 0.00 0.06 0.0 1 0 .00 0.02 0.35 0.02 0 .02 0 .05 

AI203 33.6 1 18.27 33.67 58 .07 56.36 56.3 4 53.74 5 L. 47 19.03 19. 10 0.48 

FeO 0. 17 0 .06 0. 12 23 .79 33.30 34 .96 13.5 1 12 .8 I 0 .00 0 .04 29.40 

MnO 0.02 0.00 0.00 O. I 5 0.09 0. 10 0. 08 0.62 0.00 0.00 0.69 

MgO 0.00 0 .00 0.00 4.40 3.94 3.70 1.46 I. 13 0.00 0 .00 12.90 

CaO 16.92 0.03 16 .80 0.0 1 0.02 0.00 0.02 n.d. 0. 10 0. 15 0.83 

Na20 1. 65 0.66 1.4 I 0.23 0.13 0.06 0.04 0.0 1 1.22 2. 14 0 .05 

K20 0 .02 15.52 0.02 0 .0 1 0.02 0.00 0. 01 0.0 1 13.98 13.42 0.0 1 

ZnO n.d . n.d. n.d . 7.54 2.7 I 1.4 I 1.25 0 .59 n. d. n.d. n.d . 

Tota l 97 .76 98.75 97.1 I 94.29 96.61 96 .61 98 .90 93.7 1 99.86 99 . 12 96.62 

Fo rmul a 8 (0) 8 (0 ) 8 (0) 4 (0) 4 (0) 4 (0) 24 (0 ) 24(0) 8(0) 8( 0 ) 23( 0 ) 

Si 2. I 330 2.9984 2. 13210.00090.0009 0. 00093.7877 3.7 127 2 .996 2.968 7.990 

T i 0.0004 0.0000 0.0000 0.00 I 3 0 .0002 0.0000 0.0020 0.0366 0.00 1 0.00 1 0.006 

A I 1. 8632 1.0050 1.8760 2.0249 1.9564 1. 9573 8 .3384 8.4288 1.026 1.040 0.085 

Fe 0.0066 0 .0023 0.0047 0.5886 0 .8202 0 .86 18 1.4874 1.4885 0.000 0.00 1 3.74 I 

M n 0.0008 0.0000 0.0000 0.0038 0 .0022 0.0025 0 .0089 0.0730 0.000 0 .000 0.089 

Mg 0.0000 0 .0000 0 .0000 O. I 940 O. I 730 0 . 1626 0 .2865 0.2340 0 .000 0 .000 2.906 

Ca 0.8528 0.00 13 0 .85 13 0.0003 0 .0006 0 .000 I 0.0028 tl.d. 0.005 0.007 O. I 38 
Na O. I 509 0.0596 0. 1289 0 .0 132 0.0074 0.0034 0.0 I 02 0.0027 0. 108 0.192 0.005 

K 0.00 I 3 0.9239 0.00 12 0.0004 0.0008 0.000 1 0.00 170.00 18 0 .816 0.79 I 0.003 

Zn tl.d. n.d. n.d. 0. 16470.05890.03070.12 150.0605 n.d. n.d. n.d. 

40 = Pl agioc lase, PSH-88-12 .2 
4 I = Pl ag ioc lase, PSH -88- I 
42 = Pl agioc lase , PS H-88- I 2 .2 
43 = Sp ine i, PS H-88 - 16.1 
44 = Spine i, PS H-88-25 
45 = Spi ne i, PS H-88-25 
46 = Sla uro lile , PS H-88-40 
47 = Slaurolile . PS H-88- I O. I 
48 = K-fe ldspar , 29-25- 1 
49 = K- feldspar , 18-3-1 
50 = Cum min glOtl ile , PSH-88-4 .3 
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Appendi x 2. Selected whole-rock analyses of metapelites in Vaaraslahti. The analyses were made with the XRF 
method at the Rautaruukki Oy , except the last two sampies which were analysed at the Geological Survey. 

Sampie 18-3-1 18-80-1 26-115-1 26-230-1 28-650-2 25-15-5 PSH-85-19 PSH-88-1 0 PSH-88-14 

SiO, 62 .33 57.57 58.46 62.17 60.13 60.00 67.47 56.53 61.23 
TiO, 0.80 0.98 0.88 0.92 0.89 1.17 0.65 0.77 0.83 

Alp, 18.18 17.35 18 .99 16.02 17.66 16.08 15 . 11 19.16 17.54 
FeO 7.49 10.69 8.58 8.80 9 .03 8.45 5.47 8.50 7.60 
MnO 0.08 0.10 0.11 0.09 0.10 0.10 0.07 0.07 0.10 

MgO 3.09 4.87 3.86 4.11 4.09 3.13 2.27 3.68 3.71 

CaO 1.75 1.06 1.87 1.53 1.24 3.80 1.47 1.43 2.14 

Na,O 2. 16 l.33 2.46 1.81 1.55 2.87 2.15 1.52 2.48 

K,O 2.80 4 .00 3.17 2.99 3.68 2.72 4.18 4.03 2.32 

P,O, 0.14 0.06 0.07 0.05 0.07 0.15 0.10 0.10 0.06 

Cr 300 350 450 340 300 180 210 n.d. n.d. 

Ni 90 180 100 120 100 60 50 n.d. n.d. 

V 150 240 200 210 180 180 130 n.d. n.d. 

Cu 30 190 130 100 50 60 30 n.d. n.d. 

Zn 110 170 140 140 150 150 100 n.d. n.d. 

S 130 7990 3090 2440 3020 3350 1270 n.d. n.d. 

Ba 660 800 750 510 680 1100 1230 n.d. Il.d. 

Sr 150 100 160 110 110 190 150 n.d. n.d. 

Zr 180 170 220 190 180 510 230 n.d. n.d. 

Total 98.99 99.02 98.98 98.91 98.92 99.04 99 .28 95.79 98.01 



A ppendi x 3. 
a) Garnet-biotite, garnet-cordierite , garnet-spinel and cordierite-spinel temperatures (0C) and grt-crd-sil-qtz and crd-spl-qtz pressures (kbars), calculated with 
the program GEOPATH by Gerya & Perchuk (1992); grt-pl-sil-qtz pressures after Koziol & ewton ( 1988). 

Temperatures: 

T, = grt -crd ; T , = grt-bt ; T
J 

= grt-spl; T, = crd- spl ; 

Pressures: 

P,= grt-crd-s il -qtz; P, = crd-spl -qtz ; P
KN

= grt-pl-sil-q tz; 

The H,O activity was calcu lated with GEOPATH by using the react ion bt + si l + qtz = grt + kfs + H
2
0. The X K represents an average of 2-7 analys is poin ts . 

When the a
H20 

wa s not calculatcd, the pressures P , and P, were ca lcu lated at the H,O activity in Fluid = 0.4. 

If not spec ia ll y mentioned, co re composit ions of minera ls were used in ca lcu lations. + = sp in e l inc lusion in garnet; ' = garnet core + plagioc lase inc lusion, 
" = near-rim composition of garnet + matrix plagioclase, '" = late granular garnet on early garnet + plagioclase adjacent to it. Pres sures were calculated 
at 600°C for the muscovite zone, 650°C for the grt-crd and grt-crd -spl zones and 730°C for the me lting zone, ex ce pt the Gerya & Perchuk pressures which 
were cal culated in the pressures given by their thermometers. Locations , where the analyzed specimens are taken from, are given in Fig . 2 and Appendix 
4. 

Specimen X Ort X Grt X Ort X Grt 
Fe Mn Mg Ca 

Muscovi te zone 

PSH-88-1 0.487 0.343 0 .043 0.127 

PSH-88 - 12 0.713 0.080 0.108 0.099 

Cordier ite-K-feldspar zone 

PSH-88-2.3 0.739 0 .056 0.121 0.084 

Garnet -cordierite zone 

PSH-85- 18.1 0.765 0.06 1 0 . 146 0.028 

PSH -88-22.3 0.759 0.073 0.138 0.03 1 
PS H-88-39 0.732 0.042 0. 195 0.03 1 

PS H-88-40a 0.750 0 .061 0.156 0.033 

PSH-88-40b 0.726 0 .051 0.175 0.048 

PSH -86- 14.1 a 0.732 0.024 0.2 11 0.033 
PS H-86-14.1 b 0.732 0.023 0 .213 0.032 
PSH-86-14.lc 0.771 0.040 0.148 0.041 

PS H-86- 15.la 0.742 0.033 0.20 1 0.024 

X p, 
C, 

0.291 

0.316 

0.312 

0.353 

0.405 

0.261 

0.318 

0.318 

0.244 

XFeC rd XFcS PI 

0.353 

0.392 

0.297 

X Sp' 
Zn XM g"' Xe,"' XT ,"' XA," ' XK lf, T, 

0.285 0.563 0.052 0.099 

0.381 0.470 0.050 0.098 

0.351 0.467 0.033 0. 149 

0.3900.430 0.036 0.1440.830580 

0.408 0.429 0.050 0.113 6 10 

0.4020.408 0 .039 0.1510.883 

0.403 0.415 0.051 0.132 702 

0.453 0.388 0.047 0.112 

0.4390.385 0.052 0.1230.878 

T, 

507 

586 

624 

6 14 

592 

674 

653 

663 

646 

3.3 

3.3 

3.7 " 

4.6 

5.3 ' 

3.8 0.42 

3.8 

4. 1 0.31 

4.9 ' 

4.2 " 

5 . 1'" 

4.2 0.28 
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Appendix 30 Conl. 

Specimen X Gr! X Grt X Gr l X Gr! X 1" X Ce" X Sp' X S p' X B, X B, X B, X. , B, X kfs T, T2 T, T
4 P, P K N P2 aH20 F.: Mn Mg Ca Ca Fe Fe Zn Mg Fe Ti K 

Garnet -cord ier ite-spi ne l zone 

PSH-85 - 19 .1 0.759 0.031 0.178 0.032 0.305 0.368 0.3960.432 0.073 0.099 664 665 4.3 4.3 
PSH-88-14 0.752 0.031 0.187 0.030 0.306 0.351 0.4760.386 0.065 0.073 661 615 4.3 4. 1 
PSH -88- 15.1 0.756 0.034 0.181 0.030 0 .296 0.327 0.453 0.410 0.077 0.06 1 0.864 627 6 18 3 .8 4. 1 0.33 
PSH-88 - 16. 1 a 0.687 0.041 0.242 0.029 0 .30 I 0.272 0.632 0.165 0.455 0.383 0.071 0.092 658 697 843 524 5.1 4.3 3 .3 
PSH -88-24. la 0.736 0.060 0.169 0.035 0.284 0.286 0.406 0.423 0.053 0.119 552 640 3.5 4.9 
PSH-88-25c 0.734 0.030 0.204 0.032 0.328 0 .323 0.775 0.058 0.4580.375 0.058 0.109 658 671 91 1 525 4.5 4.0 
26-230- 1 a 0.737 0.028 0.201 0.034 0.287 0.4520.373 0.062 0.1130.824604 635 3.9 0.27 
26-230- 1 b 0.745 0.032 0.191 0.032 0.287 0.580 0.237 590 698 523 3.8 3.5+ 

Diatexile-stictolile zone 

18-3- 1 0.760 0.014 0.195 0.031 0.372 0.4520.4 17 0.085 0.0460.830 703 674 4.9 0.44 
24-5 0.706 0.0 19 0.248 0.027 0.271 0.324 0.453 0.403 0.100 0.043 736 7 17 5.6 5.6 
29-25- 1 0.740 0.019 0.2 15 0.026 0.268 0.360 0.435 0.429 0.081 0.056 0.820 726 73 0 5.2 5.3 0.45 
24-3 1 a 0.722 0.012 0.240 0.026 0.278 5 .2 0 

24-3 1 b 0 .719 0.011 0.244 0.027 0.296 0.337 0.4060.415 0.086 0.092 748 746 5.7 5 . 1 
29-76- 1 0.763 0 .018 0.1 89 0.030 0.362 0.405 0.426 0.080 0.0890.858 678 669 4.3 0.30 
18-80- 1 0.745 0.034 0.198 0.024 0.296 0.382 0.4290.416 0.071 0.084 723 666 5.0 4.5 
26- 115- 1 a 0.707 0.024 0.236 0.033 0.311 0.339 0.451 0.379 0.080 0.090 741 690 5.6 5.8 
26- 11 5- lc 0.736 0 .026 0.208 0.030 0.323 0.768 0.054 665 65 1 866 562 4.6 4.0 



Appendix 3. Conl. 
b) Garnet-orthopyroxene (T,), biotite-orthopyroxene (T

6
), garnet-bioti te (T,) temperatures, calculated wit h the GEOPATH; garne t-i lmenite temperatures (T

g
,) 

after Pownceby & al. (1987); P "p' = grt-rt-i lm-pl-qtz maximum pressures according to Essene ( 1989) in the grt- ilm temperature. P .f, = grt-pl-opx-qtz pressure 
acccording to Essene (1989) (l'e-reac tion ). The activity models of Moecher et al. ( 1988) for ga rnet , of Newton & Hase lton ( 198 1) for plagioclase and of 
Wood & Banno ( 1973) for pyroxenes were used for the GRIPS and the GAFS barometers of Essene (op . cit.) . For the other barometers the activity models 
were those used by the au thors in their or iginal papers. In the sa m pie PSH -88-4.3 the results are calculated by using the inclusions across garnet, except 
p lagioc lases l and 2, wh ich are outside gamet. 

Specimen 

25-15 -2 
PSH -88-3 
29-3-1 

PSH-88-4.3 

rim 

core 

firn 

2 

X Fe
Grl 

XMnGrt XMgGrt Xenon X
C
:/

I 
X FcJlm X Feo P;;; X A10PX logK T

g, 

0.720 0 .075 0.149 0.056 0.385 
0.702 0.0 19 0.240 0.040 0.419 
0 .707 0.019 0.243 0.031 0.316 

0.557 0 .045 
0.523 0.047 
0.532 0.084 

0 .710 0.046 0. 153 0.092 0.845 0.983 0 .605 
0.699 0 .053 0. 158 0.089 0.860 0.986 
0.702 0.062 0.139 0.062 0.822 0 .983 
0.687 0.074 0. 11 9 0 .1 20 0 .699 0.987 
0 .651 0.082 O. 104 0.163 0.863 0.961 
0.645 0.082 0. 106 0.167 0.869 0.974 
0.660 0.084 0.101 0 .1 54 0.869 0 .967 
0.663 0.08 1 0.108 0. 149 0.871 0 .956 
0.645 0.082 0.108 0.165 0.854 0.950 
0.651 0 .082 0.106 0.161 0.868 0.950 
0.658 0.086 0.103 0. 152 0.766 0.965 
0.657 0 .080 0.103 0.160 0.881 0.956 
0.664 0.074 0 .1 06 0.156 0 .826 0.982 
0.666 0.066 0 .11 4 0. 153 0.826 0.958 
0.696 0.057 0. 135 0. 11 2 0 .856 0.974 

GRIPS 

3 .506 591 
3 .5 79 576 
3.478 577 
3.245 483 
3.0 10 498 
3.037 440 
3.092 526 
3.083 626 
2.968 613 
3 .002 619 
3.027 557 
3.022 579 
3.041 519 
2.96 1 6 18 
3.3 11 684 

T, 

646 
667 

T, 

571 
733 
751 

683 

826 
682 

P
grtPS 

P
gars 

3.0 
4.4 
4.7 

<5.3 4.5 
<5. 1 
<5.3 
<4.7 
<5. 1 
<4.3 
<5.5 
<6.6 
<6.5 
<6.6 
<6.1 
<6.4 
<5.4 
<6.9 
<6.8 

c) GPBM pressures for a muscovite zone specimen. P He = grt-p l-bt-ms pressures after Hod ges & Crowley ( 1985 ). Th e temperature in brackets was used 
to ca lculate the pressure. 

Specimen 

PSH-88- 1 0.484 0 .350 0.040 0.126 0.667 0.560 0.263 0.867 0 .032 0.963 (570) 2 .8 
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A ppe ndi x 4. Map coordinates of the analysed specimens. 

Specimen Map sheet Northing Easting 

18-3-1 3314 08 7029910 3486780 
18-80-1 3314 08 7029850 3486830 
24-5 331409 7030820 3487450 
24-31 331409 7030800 3487470 
25-15-5 331409 7031240 3484750 
26-115-1 331409 7030540 3485000 
26-230-1 3314 09 7030470 3484920 
28-650-2 331409 7030320 3484440 
29-3 3314 09 7031420 3488050 
29-25 3314 09 7031400 3488070 
29-76 331409 7031380 3488100 
PSH-85-15 331409 7033340 3486300 
PSH-85-18 331409 7036360 3488320 
PSH-85-19 331408 7029590 3486940 
PSH -86- 14 33 14 12 7035580 3491900 
PSH-86-15 3314 12 7034600 3492320 
PSH-88-1 3314 II 7029390 3494730 
PSH-88 -2 3314 12 7037420 349 1000 
PSH-88-3 3314 08 7028 190 3485390 
PSH-88 -4 3314 08 7028280 3485250 
PSH -88- 10 3314 08 70283 40 3487920 
PSH-88- 12 3314 08 7028000 3488160 
PSH-88-14 331408 7029480 3485270 
PSH-88-15 3314 08 7029600 3484320 
PSH-88-16 331408 7029230 3484250 
PSH-88-22 3314 08 7027480 3486400 
PSH-88-24 331409 7034280 3488120 
PSH-88 -25 331409 7033960 3487750 
PSH-88-39 3314 09 7035240 3487030 
PSH-88-40 331409 7032260 3485060 
19 3314 09 7036550 3488460 
21,23 3314 12 7037400 3491040 
24 3314 11 7031080 3495020 
25 3314 12 7036340 3491890 
28 3314 12 7035760 3492220 
52 33 14 08 7030 160 3484700 
53 3314 08 7030840 3484460 
54 3314 09 7031300 3484500 
60 3314 12 7036580 3492020 
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THE VAARASLAHTI PYROXENE GRANITOID INTRUSION AND ITS 
CONTACT AUREOLE: ISOTOPE GEOLOGY 

by 

UELI HAUDENSCHILD 

Haudenschild , U. 1995. The Vaaraslahti pyroxene granitoid intrusion and its 

contact aureole: iso tope geology. Geological Survey of Finland, Bulletin 382, 
81-89.4 figures and 2 tables. 

Rb-Sr whole-rock isochrons for a pyroxene granitoid complex and its 

contact-metamorphically overprinted host-rock yielded ag es of 1807± I 0 Ma 

and 1889±8 Ma respectively. The whole-rock age of the host-rock within the 

contact aureole corresponds to the zircon U-Pb age (1884±5 Ma) of the 

intrusion while the plutonic body itselfshows prolonged strontium equilibration 

without any interaction with the host-rock. K-Ar ages on hornblende (1847± I 0 

Ma) and biotite (1781±14 Ma, 1783± II Ma) date cooling to about 550°C and 

300°C, respectively . According to these data strontium exchange ceased at 

temperatures as low as 400-450°C. The explanation for this behaviour may be 

found in the mineralogy of the plutonic rock, in which the main strontium 

bearing phases are feldspars (closure temperature) , texture (fluid circulation) 

and its position within the Proterozoic crust (Iong-Iasting moderate 

tem peratu re) . 

Keywords (GeoRef, Thesaurus AG!): absolute age, Rb/Sr, K/Ar, aureoles , 

cooling, granites, charnockite, contact metamorphism , Proterozoic, 

Vaaraslahti, Pielavesi, Finland 

Ueli Haudensch ild, Abteilung für Isotopengeologie, Erlachstr. 9a, CH-3012 
Bem, Switzerland. Present address: Sonneggsteig 6, CH-3008 Sem. 
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INTRODUCTION AND GEOLOGICAL SETTING 

This paper presents Rb-Sr and K-Ar data on 
mineral and whole-rock sampIes from the Vaaras
lahti pyroxene granitoid and its contact aure 
ole , central Finland . 

Detailed investigations of this area have 
been made by Hölttä (1988) , Korsman (1986 , 
1988) , Korsman et al. (1984) , Salli (1977, 1983) 
during the past decade. A description of the 
Vaaraslahti intrusive is given by Lahti (1995 ), 
while the metamorphie evolution of its con
tact aureole was examined by Hölttä (1995) . 
The location of the area is presented in Fig.l . 

Lithologically th e Vaaras lahti area consists 
mainly of a metapelitic-metavolcanic sequence 
of amphibolite to granulite facies rocks . A 
number of foliated synkinematic 1885 Ma gnei s
sose tonalites intrude into the metasedimenta
ry success ion. In contrast , coarse- grained py
roxene granitoid intrusions described in the 

Vaaraslahti and Kiuruvesi areas (Marttila 1976) do 
not show any preferred orientation , although 
they are broadly coeval with the tonalites . The 
Vaaraslahti pyroxene granitoid intrusion de
veloped a contact aureole within which the 
grade of metamorphism increases from am
phibolite to granulite facie s conditions. 

In thi s work Rb-Sr whole-rock isochrons 
were de termined on the pyroxene granitoid 
and its host rock to obtain information on the 
timing of the hi gh grade metamorphie event 
affecting the host- rocks and a poss ible post
plutonic overprint upon the intru s ive . K-Ar 
minera l ages were measured to date the cool
ing of the Vaaras lahti area throu gh the block
ing temperatures of hornblende and biotite , 
the term "blocking temperature" being de
fined as the temperature present at the time 
corresponding to the age measured (Hauden-

100km 

Fig. I . The loca ti on of the sludy area (box). The main unil s of lhe bedrock are: 
hori zonlall ines = Archean gne isses; unshaded = Paleoproterozoic schi sls and gneiss
es; verlical lines = Paleoproterozoic ( 1. 9-1. 8 Ga) granilo ids; dotted = rapaki vi granites 
( 1. 6 Ga) . 



schild 1990). Blocking temperatures of 300°C 
and 550°C were used for interpreting the bio-
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tite (Jäger 1979) and hornblende (Hauden
schild 1990) data , respectively . 

PREVIOUS DA TINGS 

The Pielavesi area has been isotopically 
investigated over aperiod of nearly three 
decades. Pioneer work on the Vaaraslahti in
trusive was done by Wetherill et al. (1962), 
using the Rb-Sr and the K-Ar methods for 
biotite . AU-Pb zircon age of 1884±5 Ma was 
published for the Vaaraslahti granite by Salli 
(1983). Si mi lar ages were measured on sever
al synkinematic intrusive rocks from the same 
area (Marttila 1976, Salti 1983) . A concordant 
monazite from the Vaaraslahti granite yields 
an age of 1874 Ma (Salli 1983). U-Pb studies 
of the host rock at different distances from the 
contact reveal that the zircons immediately 

adjacent to the contact (1895±1 Ma) were 
reset to the intrusion age while at a distance 
of 80 meters zircon has only partly lost its 
radiogenic memory (Vaasjoki & Sakko 1988). 
The U-Pb age on monazite from the contact is 
1879±3 Ma, but 1887±4 Ma 80 meters away. 
K-Ar studies of mi ca and hornblende around 
the intrusion have been used to develop a 
detailed model of the late uplift history of the 
area, giving ages around 1750 Ma for the 
cooting through the blocking temperature of 
the K-Ar system in biotite (Haudenschild 1988, 
1990). 

SAMPLE MATERIAL AND ANALYTICAL PROCEDURE 

Rb-Sr whole-rock isochrons were measured 
for the intrusive and its host rock , to obtain 
information on the time and dimension of the 
contact metamorphic overprint. K-Ar ages of 
biotite from a granitic and a monzonitic sam
pie were measured to allow direct comparison 
between the ages of different radiometric sys
tems of both the hypersthene granite intrusion 
and its host rock. 

Eleven sampIes were collected across the 
Vaaraslahti intrusive . Six sampIes were taken 
from the monzonitic, and five from the granit
ic part of the intrusion. Five sampIes of the 
metapelitic host-rock were taken from the 
garnet-cordierite-spinel zone along roadcuts 
within the first 500 to 1000 meters from the 
southwest contact. The weight of all the sam
pIes exceeds 30 kg. Whole-rock sam pies of 
about 500 g, obtained by splitting the sampie 
after crushing were ground for 18 to 24 hours 
to analytical powder in ethanol absolute . Min-

erals were separated using magnetic and heavy
liquid separation techniques and finally hand
picked to a purity of >99 %. 

All sampies were dissolved in a perchloric
hydrofluoric acid mixture. Rb-Sr sampIes were 
spiked with highly enriched 84Sr and 87Rb 
spike. Rb and Sr were separated on ion-ex
change columns. A microwave dissolution tech
nique was applied to the hornblende sampIe, 
adding 3 g HF Suprapur 40 % and I g HN0

3 

Suprapur 65% to 10 mg of sampIe material. 
The solution was spiked with a 4°K tracer. 

The potassium concentration of the micas 
was measured by flame photometry , with a 
standard error corresponding to ±1 %. Argon 
measurements were carried out on a VG MM1200 
mass-spectrometer. Analyses were done ac
cording to the ID method (Kirsten 1966, Dal
rymple & Lanphere 1969). Sampies were packed 
in aluminium foil and melted in a molybde
num crucible, using a high-frequency genera-
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tor , in a hi gh- vaeuum g la ss-extraction line 
(Flisch j 986) . The extracted gas was spiked 
with a 99,99975 38Ar spike (Schumacher 1975), 
purified and transferred to the ma ss-s pec
trometer by a direct connection. Biotite B-4B 
and LP-6 (Fl isch 1982) were us ed as standard 
minerals. 

Rubidium and pota ssi um from the horn
blende sam pie were measured on a solid-source 

single co ll ector mass -s peetromete r made by 
"Ion Equipments " with a 35 cm radius and a 
triple-filament ion so uree. 

Strontium analyses were done on a VG See
tor mass-s peetrometer with a 26 cm radius , 
five co ll ectors and a si ng le- filament ion source. 
The ages were ea lcu lated us in g lUGS con
stants (Steiger & Jäge r 1977). 

RESULTS 

Rubidium-strontium dating 

Five metape lite sampies from the garnet
cordierite-spinel zone pl o t on a n isoc hron 
showing an age of 1889±8 Ma (Table I , Fig. 
2). The initial 87Sr/86S r ratio is 0 .7056 . The 

Table I . Rb-Sr analyt ical data. 

Sampie No. Rb lollli Sr'OIIlI 
ppl11 pp m 

Granite 
KAW 2705 160.6 1 119.07 
KAW 2706 164.43 121.06 
KAW 2707 150.42 132.97 
KAW 2708 155.52 126 .3 1 
KAW 3328 156.75 1 15 .07 

Mon zo nite 
KAW 2709 106.19 228.1 1 
KAW 2710 103. 19 194.67 
KAW2711 112.59 194.85 
KAW 2712 109 .3 1 188.34 
KAW2713 111.98 188.32 
KAW 3329 119.59 159.92 

Metape lite 
KAW 2588 145 .68 177.72 
KAW 2834 154.91 228.52 
KAW 2835 141.32 201.40 
KAW 2836 164 .20 172.62 
KAW 2838 146.03 202. 12 
KAW 3458 147 .97 3 12.93 

* data not used for isoc hron ca lculati on 

whole-roek age eorresponds weil wit h the 
1895±1 Ma U-Pb age of the zircons ex tracted 
from the metapelite near the contact (Vaasjoki 
& Sakko 1988) as we il as with th e 1884±5 M a 

" Rb/8·Sr " Sr/ ' ·S r Re!. Std. Div . 

3 .940400 0.807175 0.000035 
3.964630 0.808466 0.000070 
3.299070 0.789575 0.000092 
3.593750 0.798037 0.000060 
3 .980125 0.808508 0.0000 14 

1.35 1670 0.743788 0 .000072* 
1.539230 0.744988 0.000060 
1.678550 0.748610 0.000072 
1.685980 0.748640 0.000062 
1.727530 0.749582 0.000067 
2. 174938 0.761320 0.000019 

2.386250 0.770669 0 .000011 
1.971190 0.759180 0.000077 
2.041060 0.762143 0.000071 * 
2.771760 0 .780879 0.000059 
2.101340 0.762732 0.000063 
1.372770 0.74 2926 0.000043 
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Fig. 2. Rb-Sr whole-rock isochron for five metapelite sampi es of the Vaaras lahti grt-crd-spl zone. 
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Wh oie-rock isochron for the Vaaraslahti mangerite intrusion 

Isochron age: 1807 ± 10 Ma 
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Fig.3. Rb-Sr whole-rock isochron for ten out of eleven sampies of the Vaaras lahti pyroxene granitoid intrusion. The 
sampie marked by the open dot was not used for the isochron calculati on. 
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age for the zircons of the intrusive (Salli 
1983). The age is considered to represent the 
time of the high- grade metamorphism caused 
by the intrusion. The initial 87S r/ 86S r ratio is 
slightly lower than those calculated for simi
lar rocks from the Pihtipudas (0.7072) and the 
Juva (0.7078) areas (Haudenschild 1990). 

Eleven out of twelve sampies of the pyrox
ene granitoid intrusion define a whole-rock 
isochron with an age of 1807±1 0 Ma (Fig. 3). 
The initial 87Sr/86Sr ratio is 0 .7048. The result 
can be interpreted as a) defining a mixture 
between a granitic and a monzonitic rock type 
with different 87S r/86S r initial ratios , b) meta
morphic rehomogenisation, c) hydrothermal 
resetting of the Rb-Sr system. Interpretation 
"a" can be excluded for two reasons. The cal
culation of whole-rock isochrons from the 
granitic and the monzonitic sampies separate
Iy , leaving out the intermediate data point of 
the overall isochron (Fig. 3), yielding geologi
cally meaningless results. The apparent age of 
the granitic sampies (1930±30 Ma) is higher 
than the intrusion U-Pb zircon age, its initial 
87Sr/86Sr ratio lower than the primordial man

tle value. The monzonite sampies yield an 
isochron age (1713±50 Ma) below the biotite 
cooling age. 1884 Ma reference lines (repre
senting the time of the intrusion) drawn through 
the highest and the lowest 87Rb/86Sr-values of 

the whole-rock isochron intersect the y-axis at 
a lower initial ratio for the granite than for the 
monzonite. Concerning interpretation "b" a 
metamorphic overprint postdating the intru
sion is inconsistent with the plutonic, unmeta
morphosed texture of the rock. Only retro
grade reactions were found to postdate the 
intrusion (Hölttä 1995). With respect to interpre
tation "c", oxygen isotope analyses of whole
rock and mineral sampies (Haudenschild & 

Giletti 1991) show normal plutonic 0' 180 valu
es. If hydrothermal processes had caused stron
ti u m rehomogenisation, the water involved wou Id 
have had similar 0' 180 values to those of the 
whole rock system. Besides, a hydrothermal 
cycle cannot have affected the host-rock since 
its Rb-Sr whole-rock isochron still records the 
time of the contact metamorphic overprint. 
Fluids involved in the strontium homogen isa
tion would have been derived from the intrusive 
itself. This interpretation is also supported by 
whole rock-plagioclase-potassium feldspar Rb
Sr isochrons (Haudenschild & Giletti 1991) 
which indicate ages of 1814±12 Ma for the gra
nitic and 1809±4 Ma for the monzonitic sam
pies. Postmagmatic strontium re-homogenisa
tion took place at around 1810 Ma at moderate 
temperatures (see below) , involving the intru
sions own fluid system. 

Potassium-Argon dating 

Biotite 

Biotite concentrates were separated from 
both the granitic and the monzonitic varieties 
of the Vaaraslahti intrusive. The analytical 
results are given in Table 2. The results of 
1781±14 Ma and 1783±11 Ma are similar 
within the 10' analytical error , which agrees 
weil with the K-Ar age pattern determined for 
the surrounding host-rocks (Haudenschild 1988). 
The time of cooling of the Vaaraslahti area to 
about 300°C can be dated as 1780 Ma. 

Hornblende 

Hornblende was separated from pyroxene 
and biotite by hand picking and ground; mag
netite inclusions were removed on a magnetic 
separator. Owing the symplectitic intergrowth 
of biotite , hornblende and pyroxene the horn
blende concentrate may have a purity of about 
98 % . Potassium was mass-spectrometrically 
determined with 1.14%. The K-Ar age was 
calculated as 1847±10 Ma . The analytical re
sults are given in Table 2 . 
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T able 2. K-Ar ana lytica l data. 

samp Ie no. gra in size % K ,oKx 10.8 40Ar rad. 36Ar 4°ArJl6Ar 4°KJl6 Ar % ,oAr mode l age 

mm mollg x 10-lomollg x IO-12 mollg x 10+3 x I 0+" rad. Ma± 1 sigma 

3328 
b iot ite 1 - 2 7.64 22.80 402 .54 0 .4323 93.408 0.527 4 99.68 178 1± 14 

3329 
hornb le nde 0.35-0.5 1. 14 3.40 63.63 0.0179 355.930 1.9017 99.92 1847± 10 
b io t ite 0.35-0.5 6.73 20.09 354.73 0.31 15 \1 4 . 174 0.6444 99.74 1783± 12 

Interpretation of the isotopic data 

Co nside rin g all av ail abl e iso to pi c dat a, the 
fo ll o wing inte rpretation is po ss ibl e: the py
roxene granitoid co mplex intruded aro und 1885 
M a into its ho st-roc k, causin g a re -equilibra
t io n of the Rb- Sr sys te m in th e me ta pe li tes 
a nd ex te ns ive co ntac t me ta mo rphi s m. A coo l

in g ra te of 15 -20°C/M a has been ca lcu lated 

fo r the f irs t 10 M a, on th e ass umpti o n of a 
max imum te mpe rature a t th e tim e of th e intru 
s io n of 850°C a nd a bloc kin g te mpera ture of 
650-7 00°C fo r the mon az ite (Mezger e t a l. 
1989). Tn c reas in g monaz ite ages with in creas
in g d is ta nce f ro m the co ntac t ( Vaasj ok i & 

S akk o 1988) corres pond with dec reas in g con
tact-meta mo rphic te mperatures , reac hing the 

bloc king te mperature of mo naz ite a t a di s

ta nce of abo ut 80 m. H o rnbl e nd e a nd bio tit e 

K-Ar ages indi cate a decrease o f the coo lin g 
rate of a bo ut I °C/M a around th e 1850 M a t im e 
mark (F ig. 4 ). 

The Rb-Sr ages may be attributed to co ntinu 
o us re-equilib rat io n of the Rb-Sr sys te m of 

the fe lds pars d urin g coolin g to a te mpera ture 
of abo ut 400-450°C , a l tho ug h the poss i b i I i ty 

of a seco nd therm a l event rese ttin g the R b-Sr 

sys te m a t te mperatures between the bi o tite 
a nd the ho rnbl e nde b loc kin g te mpera ture ca n

not be exc luded . Tec to nic move me nts assoc i
a ted w ith th e Rb-Sr resettin g ma y ha ve had a 
s li g ht influ e nce o n the in tru s io n . Bl ock move
men ts leadin g to indi vidu a l coolin g of adja
cent a reas co nt inu ed until 1640 Ma, as in d i

cated by th e yo un ges t K- A r a nd Rb-Sr mi ca 

ages in the a rea (Haude nsc hild 1988 , 1990). 

CONCLUSIONS 

T he 1890 M a pyro xe ne gra ni to id intru s io n 

has co ntac t- meta morphi ca ll y overprinted its 
pe liti c hos t-rocks a nd rese t its R b-S r system. 
A lo ng- Iasti ng coo lin g process in the med ium 

to low te mperature ra nge (500-300°C) led to 
co nt inuo us re-equilibrati o n o f the Rb-S r sys 
tem w ithi n th e py roxene gra ni toid , w hil e the 
metape l i tic whole-rock syste m re mai ned c losed 
afte r th e me ta morphi e peak. The d iffe re nce in 

be hav io ur of th e two rock types may be ex

pl a in ed by their fluid bud get , as we il as the ir 

di ffe re nt tex ture a nd min e ra logy , a ffec tin g 
t he i r suscep ti b ilit y to seco ndary a ltera ti o n . 
Reac ti o ns produc in g bi o tite a t the expe nse of 
ho rn b le nde a nd pyroxe ne and myrmek iti c fe ld

spar-q uart z inte rgrowth s in the py roxene g ra n
ito id are ev ide nce of the pos t-int rus ive re
equili bratio n process. The stro ntium exc hange 
w ithin the pyroxe ne g ra nito id body ceased a t 
a te mpe rature bet wee n the bl oc kin g of ho rn
ble nde (5 50°C) a nd bi o tite (3 00 °C), a nd ca n 

be es tim ated a t 400-4 50°C. 
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Fig. 4. Time vs. temperature evolution path for the Vaaraslahti block as indicated by the isotope results. 
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BLOCK BOUNDARY AT THE SOUTHEASTERN MARGIN Oli' THE 
PALEOPROTEROZOIC CENTRAL FINLAND GRANITOID COMPLEX 

by 

MIKKO NIRONEN 

Nironen, M. 1995. Bloc k bo undary at the southeastern marg in of the 

Pa leoproterozo ic Centra l Finl and G ranito id Co mpl ex. Ge%gica / Su rvey of 

Fin /and, Bu lletin 382, 9 / - 11 5 .1 3 f ig ures a nd 3 tabl es. 

T he struc tura l se ttin g of igneo us rocks near Mikke li , at the southeas te rn 

marg in ofth e Centra l Finl and Granito id Complex, was stud ied . The struc tu res 

in to na lites/granod iorites, mi gmatiti c vo lca ni c-sedime ntary gne isses and the 

coarse- porph yri t ic Puu la Gra nite at the margin of the Compl ex (western 

do main ) were com pa red with the stru ctura l-me tam orphi c seq ue nce in K

fe lds par- sillim anite and garnet-co rdi e rite gne isses immed iate ly to the eas t of 

the Compl ex (eas te rn do main) . These res ult s indi ca te that there is a shear 

zone , o r bl oc k boun da ry, at the marg in of the Centra l Finl and Gra ni to id 

Co mplex, defined by anas to mozing zones of mylo nites and ca tac las ites. T he 

sense of moveme nt within the shea r zo ne was essenti a ll y ve rtica l, wes t-s ide

up . 

In the wes tern domain , hi gh grade me tamorphi sm of the coun try roc k 

gne isses preceded the emp laceme nt of the to nalites and granod iori tes at 1906 

Ma. There is no counterpartto thi s meta mo rphi sm in the eas tern do main . The 

Puul a G ranite was e mplaced 1875 Ma aga as the last exp ression of igneous 

ac ti vity by whi c h t im e the surro undin g granito ids had a lread y coo led 

conside rably. Shear zone acti vity at the boundary ofthe two do main s started 

after 1875 M a, remained acti ve 1840- 1830 Ma aga whe n meta mo rphi sm 

c ulmin ated in the eas te rn domain , and continued durin g subseq ue nt re trograde 

me ta morphi sm . 

Keywords (GeoRef, T hesauru s AG ]) : struc tural geol ogy, shear zones , bl ock 

struc tures, granites , g ne isses , metamorphi sm, defo rm at io n, abso lute age, U / 

Pb, Pa leoproterozo ic , Mi kke li Prov ince , Finl and 

Mikko N irol1 e11 , Ge%g ica / Su rvey of Fin/and, F1N-02 150 Espoo, Fin /and 
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INTRODUCTION 

In the Paleoproterozoic Svecofennian Do

main of southern Finland, the schists and 

gneisses, e.g. in the Tampere Schist Belt , have 
generally an E-W trending lithological layer
ing and foliation, but around ih e extensive 

Central Finland Granitoid Complex (CFGC) 
they are gradually reoriented into the NW-S E 
trending gneisses of the Savo Sch ist Belt (Fig . 
I). The presen t stu d y area, at O tava , is located 

at the Intersect ion of these two main structurai 
trends. Th e rocks of the CFGC as weil as the 
plu tonlc roc s In the central a nd southern 
Sav o Sc his! Belt yield typ ical sy nkinematic 
Svecofennlan ages (1.90-1.88 Ga; Aho 1979. 
Kors man et a!. 1984, Huhma 1986, Nironen 
1989, ironen & Fro nt 1992). 

The Savo Sch ist Bel t is known to co nsist of 
a block st ructure i n wh ich each block was 

subjected to a distinct tectonothermal history 
(Kürsman et a!. 1984) . Korsman et al. ( 1988 ) 
dclIneated a block boun dary at Otav a be tween 

the CFGC and adjacent gneisses . According to 
them, the western granitoids belong to the 

K'uruvesi-Haukivesi complex in which meta

morphism culminated before synk inematic pl u
tcnism. The Kiuruvesi -H au Ivesi complex IS 

characterized by retrograde metamorphic min
eral assemblages. In contras t, the eastern gneiss

es are part of the antasa lmi-S ulkava a rea in 

which prograde me tamorphic features pre
dominate . I n this area , the emplacement of 
synkinematic granitoids preceded progressive 

metamorphism which culminated at Sulkava 
as late as 1.83 - 1.81 Ga ago . 

T here a re s till problems in understa nding 
the evolutionary rel ationship between these 
two major s tructural zones of the Svecofen ni

an supracrusta l rocks, and between the sy n
k inematic (1.88 Ga) and late-kinematic (1.83 

Ga ) magmatisms. I n order to s hed l ight to 
these problems , the structural setting of the 
granitoids around Otava was selected for study. 

GEOLOGICAL SETTING 

The southeastern margin of the CFGC com
prises two granite batholiths and a complex of 
tonalites and granodiorites (Fig. I). The north 
crn batholith, the Puula Granite, is roughly 450 

km" and the SUOIltee Granite is 250 km" in 
area . Both granit es are coarse-porphy ritic , 
with abun dant K-feldspar megacrysts. The 
tonalites and granodiorites contain supracrustal 
rocks (migmatitic mica gneisses wit h am phi

bo lite and quartz-feldspar gneiss inte rcala
tions) as xe noliths of highly variable s ize and 
abu ndance . 

The supracrustal rocks outs ide the CFGC 
are K-feldspar-. si lli manite - and cordier ite
bearing schists an d gneisses. Simlla r rocks in 
the Savo Schist Bel t have been interpreted as 
metaturbidites on the basis of weil preserved 

sed imenta ry st ructures in low grade rocks 
(Gaa l & Rauhamäki 1971). Biotite gneisses, 
biotite-hornblende gneisses a nd amp hi bolites 
occ ur as interlayers in the meta tu rbid ites. P il 

low lava st ruct ures have loca ll y bee n pre
se rved in the amphibolites (Gaa l & Rauh amä ki 
197 1, Kousa 1985 ). 

RO CK TYPES 

The study area was d ivided into two do

mains along t he ma rgi n of th e CFGC (F ig. 2). 
He nce, the bo unda ry ro ug hl y co inci des w ith 

the b lock margin de linea ted by Ko rs ma n e t a l. 
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C oa rse - porphyritic gran it e 
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Fi!;. I. Geol gical setting of the sluJy area (mouified from Kallio 1988 und Simonen & Niemelä 1980). 

(1988). In the eastern domai n, the grade of 
metamorph is m in the me taturbidites increases 
eastwards from s ill imanite schists a nd coarser 
K-fel dspar- s illimanite gneisses into garne t
cordie ri te g nei sses. The latter cO IH a in ab un 

da nt ga rn et -bea rin g pegmatite d ikes. Bio tite 
sc hists a nd gneis ses as well a s hornblende
bio tite g neisses , devoid of porphyroblasts a nd 
in terpreted as metamorphosed tuffs o r tuffites, 
occur as inte rl aye rs in the metaturbidites. 

The trondhjemite s tock in the eastern do
ma in contains abu ndant pegmatitic dikes as 

weIl as xe no lith s of mica g nei ss a nd a mphibo
lite . Pegmatites are most ab unda nt at the mar-

gi ns of the tock . 
T he Puula Gra nite occupies the northern 

part o f the western domain . I t co ntains K
feldspa r megacrysts , typically from 1-4 cm up 

to 7 cm in s ize. wh ich usually comprise 40-
60 % of the rock by vol um e, altho ugh th is 
value decreases into 20 % in some ma rg inal 

areas . The megacr ysts are co mmonly anhedral 
to subhed ral , but e uhedra l megacrysts also 
occur, e specially where the overall abu ndance 
of megacrysts is lower (Fi g. 3a) . The gro und 
mass consists of eu hedral to subhed ra l, s tro ng

Iy zo ned (A n,7_IO) plagioclase laths. 2-15 mm 
in len gth , together with biotite and interstitial 
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Fig. 2. Geo log ica l map 01' the s tudy area. A shear zone separates the area into two domains. 

quartz. Ho rnblende , largely a lt e red to ac tin o

lit e near the co ntacts . is a lso a majo r co nstitu

e nt , a lth o ug h biotite is th e predominant mafic 

mi nera I. 
Two apop hyses of coa rse- po rph y riti c g ran 

ite ex te nd so uthw a rd s from th e Puul a Granite. 

Th ey trun ca te a variety of lithol og ies, in c lud

in g to na lites . gra nodi o rites a nd minor g ra nit es 

as we il as varia bl y di srupted suprac ru sta l rocks. 

The to na lites-and g ra no diorit es show a range 

or mineral com pos iti o ns ; so me to nal it es are 

fai rl y dark and hornbl ende-beari ng w hil e o th 

e rs co nt ai n o nly biotite as the mafic min eral. 
The mafic min e ra ls a re co mmo nl y re trog ressed 

into c hl o rit e. Other major const ituents a re pla

g ioc lase (A n ~ 5.'o in to nalit es, An '5.'o in g ra no-

diorites) , quartz , and K-fe ld s par in gra nod io

rite s. Homogeneo us tonalites a nd gra nodio

rite s g rade into diatexites which co nta in a m

phibolite xe no lith s and rem na nt s of g ne iss ic 

rocks , a nd further into extreme ly hete roge ne

ous me ta tex iti c roc ks in which several intru

s ive ph ases, tonalitic to g ra niti c in co mpos i

tion , have mi g mat ized supracr us ta l rocks. The 

suprac ru s ta l rocks in th e western domain are 

cummingto nite g ne isses , biotite g ne isses with 

ga rn et a nd K-fe ld spa r porphyroblasts , biotite 

gneisses devoid of porphyroblasts (metatuffite s) , 
and amphibolites. Gneisses with a lte rnatin g 

psammitic laye rs co nt a inin g abund ant concre

ti o ns and pelitic , st ron gly migmatitic laye rs a re 

probably turbiditi c in origin. 

PUULA GRANITE CONTACT PHENOMENA 

In the so uth e rn part of th e batholith , th e 

contacts of th e gran it e are eit he r obscu red by 

surf'i cia l deposits 01' lakes , 0 1' e lse inte nse ly 

deformed. A non-mylonitic co ntact was how

eve r found at th e sou th e rn co ntact aga inst 

fin e-g rain e d granodi o rite. Near th e co ntact , 

th e g ra nite s hows a weak preferred o ri e nt a tion 

of K- fe ld spar megac ryst lo ng axes a nd mafic 
e nc laves (F ig 3a) . A preferred o ri e nt a ti o n of 

K-fe ld spa r ph e noc rys ts was o bse rved a t sev

e ra l s it es near the co ntac t of th e batholith. 

Also the la rge r plagioclase lat hs in th e matrix 

a re prefere ntially o ri e nt ed (F ig 3b). Defo rm a

tion of th e matrix min e ra ls is min o r, with 
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a) 

b ) 

Fig. 3. a) Puul a Granite nea r the southern eontaet. Note the wea k preferred ori clll at ion in the matri x and of 
K-feldspar megaerysts and marie e ne laves (shown by arrows). Le ngth o f code bar 15 cm. x=6839.46, 
y=3502.74 b) Matri x at thc si re of Fig. 3a. St riped = biotile , heav il y stippled = ac tinolite, li ghrl y st ippled 
= feldspar (plagioc lasc and K-fe ldspar), bright = quarlz. Sea le bar 3 111111. 
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weak ben d in g of biotite flakes, and undulato
ry extinction of quartz together with subgrain 
formation at grain margin s. Given the pre
ferred orientation of feldspars and relatively 
low degree of strain in the matrix , the feldspar 

fabric is attributed to magmatic flow or " pre
full crystallization" deformation rather than 
solid-s tate deformation (cf. Hutton 1988 , Pa
terson et al. 1989) . Hence, the K-fe ldspar 

megacrysts may be considered as phenocrysts 
(megacrysts grown in melt ). They rotated into 
subparallelism in viscous mag ma, and the roc k 

was subsequently subjected to min or crystal 

p lastic deformatio n. 
At the contact, the granodiorite contains nu

merou s small. subangular xenoliths of supra

crustal rocks . Tortuous apophyses of gra nite, a 

few centimeters in width , and a few isolated 
K-feldspar megacrysts occur in the granodio
rite (Fig. 4) . The mafic mineral s in the grano
diorite have been altered 10 chlorite. Evident
Iy the granitic magma and fluids penetrated 

the al ready sol id i ried and cooled granodlOrite 

via fractures related to the emplacement o f the 
Puula Granite. 

STRUCTURAL SEQUENCE IN THE EASTERN DOMAI N 

D deforma tion 
a 

In the metatuffites, the earliest recogniz a

bl e teclonite fabric, defined as S". is parallel 
to compositional layering. The or iginal trend 
of S cannot be deduced because of later fold -

a 

Fig. 4. Contact between the Puula Granite and the fine-grained tonalite . Lcngth of eode bar 15 ein. 
x=6839.46 , y=502.74 



ing (Fig . 5). This foliation in the metatuffites 
is differentiated at microscopic sc al e , and is 
expressed as the preferred orientation of bio
ti te flakes. Ubiquitous leucocratic vei ns in the 
metaturbidites, parallel to Sa' are the res ult 
e ither of subsolidus segregation 01' anatexis. 
Thicker pegmatitic dikes in K-feldspar-silli
manite gnei sses and garnet-cordierite gneiss

es , sl igh tly crosscutting Sa' are presumably 
anatectic in origin. 

In the K-feldspa r- si llimanite gneisses, the 
K-fel dspar porphyroblasts contain small bio
tite inclusions with a weak preferred orienta-

Geological Survey of Fin land, Bullet in 382 97 
Relati onship of granitoids, structllres and .. 

tion at an angle to the Sn foliation in the 
matrix (F ig. 6a). Thi s suggests that a tectonite 
fab ric , older than S", is p reserved in the por
phyroblasts but was reactivated and decrenu
la ted in the matrix during Da (cf. Bell 1986). 
Alternatively , the porphyroblasts g rew during 
an early stage of Da and were transposed in the 
matrix du rin g a later stage of Da' Si nce the 
incl usion trai ls are rather vague and show no 
clear curvature, it is impossible to conclude 
wh ether the porph yroblasts grew before or 
during Da deformation. 

D
b 

deformation 

A characteristic feat ure of D b deformation 
is it s heterogene ity. In pI aces fold ing is open, 
an d a fairly weak foliation has devel oped. 

Gra nitic and pegmatitic di kes have intruded 
al ong the axial plane (Fig. 6b ) . Coarse biotite 
fl akes define the Sb foliation , and in mica-rich 
lithologies a differentiated crenulatio n cleav 
age with an interseetion Iineation has devel
oped . In the K-feldspar-sillimanite gneisses, 
silli manite fi bres appear to have been micro-

Fig. 5. Strllctural map of the stlldy area. 

folded at Sb fold hinges (Fig. 6c). 
In a b road zone in the center of the s tudy 

area (Fig. 5), extend ing northwards along the 
margin of the Puula Granite , Ob strain inten
s ity is greater tha n elsewhere ; Fb folds are 
isocli nal and older foliations have been trans 
posed pa ralle l to subvertical Sb' Quartz shows 
the effects of dynamic recovery and recrystal
lizati on (s ubgrains and new grains alo ng the 
ma rgin s of larger gra ins ) , but even the new 

j Sa / Gneissie 
lollation 

~ Sb , 
I 

Fe axial trace 
/ 

/ Oe depression, 
culmination 

Zone 01 high 

strain 

-,- Cataclasite .' .. 
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a ) b) 

c) 

Fi g. 6 . K-fc ldspar-s illimani te gne iss. x=6838.36, y=3505.1 2. a) Small bio titc f1akes in K-fe lcl spar. o ri e nted a t an angle to biotite 
fo liation in thc matri x. Plane polari zed light. Sca lc bar 2 mm. b) F

b 
fo ld ing. Length o f code bar 15 c m. c) Micro fo ldcd sillimanitc 

fibres (Sii ), panl y decomposed illlo muscov ite, at the hinge of F
h 

fo ld . Plane polarized lig ht. Sca le bar 2 mm . 



g rain s a re s trained. Deformation twinning is 

commo n in plag iocla se. Anastomosing dark 

sea ms, co ns is tin g of strained a nd kinked bio

tite fI akes as weIl as recrystallized fine bio 

tit e, a re probably the res ult of press ure so lu

ti o n processes along fra c tures. 

In th e ga rnet-cordierite g ne is ses, ga rnet
bearing peg matite dik es a re para ll e l to th e 

differentiated S b foliation. Th e dik es a re prob

ab ly a na tect ic, a nd the biotite-rich , ga rnet

bea ri ng sch I ie ren in th e m re presen t me l ano

some (rest ite?). The large gam et porph yrob las ts 

in th e mesoso me , common ly 1-2 cm in le ng th , 

a re pa ra ll e l to foliation , but in pl aces th e S b 

biotite flakes wrap around ga rnet (Fig. 7a). 

Crenu la ted s i Ili mani te fibre s are prese rved wi th

in co rdi e rite (Fi g. 7b and c). Th e elongate 

co rdi e rite blasts as weil as the c re nul a tion 

axia l pl a nes a re parall e l to S b in the matrix , 

defined by coarse biotite. 

Shelley ( 1993 , p . 295) s ugges ted re trog rade 

re place me nt of s illimanite by mi ca as an ex-
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pl a nati o n for microfolded s illim a nit e fibres in 

mi ca. However. th e sys temati c a rray of the 

sillimanite mi c rofo lding within th e co rdi e rit e 

porh yro bl as ts and th e para lleli s m be twee n ax

ial plane s of the mi c rofolds and th e S b f o li a

ti o n sugges ts g row th of cordierite ove r Fb 
mi crofo ld ed s illim a nite. The micros tru c ture 

in Fig. 7c is s imil a r to th e one modelied by 

Bell ( 198 1) fo r defo rmation pa rtitionin g dur

in g c re nul at io n. Accordingly , the c re nul a ted 

foliation within co rdi e rite is inte rpre ted as Sa' 

Sillima nite g rowth initi ated befo re or during 

an early tage of D b, and cordierite a nd ga rnet 

grew durin g a la te r s tage of Ob deformation. 

The mic a g nei ss xeno lith s in th e tr o nd 

hj e mit e indi ca te that deformation a nd assoc i

ated me tamorphi s m preceded the e mplace

me nt. At the eastern co ntac t th e co mpos it e S b 

foliation ca n be see n to continue into the ig

neo us rock as fractures. He nce , th e tro nd

hjemite was emplaced before O b defo rmati o n 

had ceased. 

D deformation 
c 

A domal F b-F
c 

fo ld interfe re nce structure is 

ev id e nt in the eastern part of th e domain (Fig. 

5). Fb fold axes stee pe n away fro m the cu lmi

nation of th e dome . Fe folding is see n a t o ut

c rops a open to ti g ht , almost sy mm et ri e s imi

la r folding. Th e sub verti ca l fold axial pl a nes 
trend roughly E-W (Fi gs. 5 a nd 8) . At mi cro

sco pi c sca le, older foli a tion s are crenulated, 

w ith biotite bein g s train e d a nd kinked in the 

microfo ld hin ges. The effect s of dynami c re-

covery ca n be see n in qu a rtz , but eve n th e 

sub grain s a re strain e d. R e trog rade alteration 

of mafic min era ls to g reen bi o tite, pale a mphi 

bol e a nd c hl o rit e is co mmon. Few mu scov ite 

fI akes have grow n during Oe' but th ese are 
also s tr a in ed . Some unstrained g rain s , c ry s ta l

lized in th e hin ges of Fe mi c rofo ld s , s how th at 

mu scov ite g rowth co ntinu ed after Oe deforma

tion. 

Dei deformation 

Ca ta c las ti c D
d 

deform a tion is mos tl y seen 

in the zo ne of inte nse 0 d stra in , near th e 

bo undary of the two dom a in s. It is ex pressed 

as fractures and thin (2 -5 mm ) seams of micro

brecc ia, subpa ra ll e l to S b' 
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Flg. 7a) 

Fig. 7b) 
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2 mm 

Fig. 7c) 

Fig. 7. Garnet-cordierite gnc iss. a) S. biotitc foliation wraps around gamet Post-Db cordierite Ce.g. the grain 
shown by the arrow) overgrows biotite. Plane polarized light. Scale bar 5 ml11 . x=6838.70, y=3507 .98. b) 
Microfolded sillimanite ribrcs in cordiente , axial plane is parallel to S. in the matrix Scale bar 2 mm. x=6839.32. 
y=3508.32. c) Sketch of the sillimanite microstructure in the cordierite porphyroblast in Fig. 7b. 

Fig. 8. Polyphase folding in garnet-cordicritc gneiss. Length of code bar 15 cm. x=6839.30. y=3508.36. 
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IGNEOUS AND STRUCTURAL SEQUENCE IN THE WESTERN DOMAIN 

Three types of tonali te/g ra nodi or it e were 

discerned in th e field , based o n differences in 

th e c ha rac ter a nd amount of xe nolith s and in 

the degree of foliation (F ig . 9). The o ld es t 

intru s ive rock, occurring in a sma ll area, is a 

distinctly foliated. medium-grained to nalitel 

gra nod iorite (Figs. 9a and IO a). The rock 

co ntain s s tro ng ly e lon ga te d mafic e nc laves 

and few in c lu s ion s of suprac ru sta l rock paral

le l to th e foliation. 

Two success iv e phases of weak ly foliated 

to unfoli ated tonalitic/granodioritic rock oc

c upy most of the area to thc south of th e Puula 

Granite. Th e o lder o ne is a g ray, fine-grained 

rock (F ig . 9b) a nd th e yo un ger a more felsic, 

medium-grained rock (F ig. 9c). No co ntac t 

was found between the distinctly foliated and 

th e unfoliat ed to weak ly foliated granito id s, 

but in add iti o n to the difference in foliation 

inte ns it y, the la tt er rocks con tai n ab undant 

biotite g neiss a nd am phibo lit e xenolith s. 

The trend of th e g neis ic foliation va ri es 

co nsid e rabl y (F ig. 5). It is fairly undiffe renti

a ted in homoge neous lith o log ies but migmatit

ic in mic a- ri c h ro ck types. The g ne iss ic foli

at io n was subjected to fold in g w ith a n E-W 

trending ax ia l plane. In places the o ld es t , 

f"in e-g ra in ed gra nito id rock ha s intruded the 

folded suprac ru sta l rocks a lo ng th e E -W trend

in g ax ia l plane (F ig. lOb). Some xe nolith s in 

the fine-gra ined rock contain a folded mi g mat it

ic foliation s imil ar to th e foli a tion in th e 

meta tex iti c mi g ma tit e areas. The foliation, 

expressed a preferred orie ntat io n of biotite 

flak es , is associated w ith foliation-parallel 

le ucocra ti c ve in s. The foliation-parallelism 

a nd the mafic se lv edges adjacent to th e veins 

(F ig. lOb) s ugges t subso lidu s seg rega ti o n (c f. 

Sawyer & Robi n 19 86). The ve in s a re g ra niti c 

in composition , which is c harac teris ti c of hi g h

er grade subso lidu s vei ns. accordi ng to Saw

ye r and Rob in ( 1986). Irrespect iv e of whether 

the vei ns a re th e res ult of subso lidu s seg rega-

tion or a na texis , they indi cate at least uppe r 
a mphibolit e facies me ta morphi c co nditi o ns . A 

weak biotite orientation ca n be see n in th e 

ax ia l plane of the folds. In so me xe nolith s , 

gamet has ove rgrow n the o lde r g ne iss ic foli

a ti o n but the st ra ig ht in c lu s io ns trails differ 

from the microfolded pattern in the matrix. K 

feldspar porphyrobl as ts with bi o tite in c lusion 

trails differing in or ie ntat io n from the ex te r

nal (g ne iss ic) foliation were a lso obse rved . 

Th e ge iss ic foliation a nd mi gmati zat ion in 

the suprac ru sta l rocks may be interpre ted as 

the res ult of me ta morphism and deformation 

predating the e mpl ace me nt of the g ranito ids , 

o r as the resu lt of e mpl ace me nt of the gra n

itoids , i.e. co ntact me tamo rphi sm . Th e se

quence of I ) migmatization , 2) growth of 

ga met porphyrobla s ts in so me xenoliths, 3) 

folding a nd g rowt h of new biotite , a nd 4) 

inj ect ion of the fine-grained granito id type 

a lon g th e ax ia l plane ca n be distinguished. 

The growth time of agam et porphyroblast 

with ca. I mm diam ete r ha s bee n es timated to 

be less th a n I Ma, and a few Ma is required 

for th e development of a penetrative fo liati o n 

(see Ba rker 1994). These es tim ates are com

patib le with contac t me ta mo rphi s m ca used by 

th e e mpl ace me nt of seve ra l g ra nito id pulses . 

However, co nside rin g th at the o ld es t , di s

tinctly foliated gra nitoid occurs on ly in a 

sma ll area, the seq uence presented above s ho uld 

have been ca used by th e e mpl ace me nt of th e 

fine-grained granitoid type. Since the sequence 

appears to o co mpl ex for a s in g le emp lace ment 

event, an inte rpretat ion of metamo rphi sm pre

dating the intrusion of at least the fine-gra ined 

granito id is prefe rred. 

The three ton a liti c/g ranodioriti c phases show 

ev ide nce of decreasing intensity of defo rm a

tion a nd assoc ia ted rec rystalli zat io n in their 

igneous mi cros tru ct ures (Fig. 9). The o ldest, 
distinctly foliated roc k probably intruded dur

in g the defo rmati o n assoc iated with mi g mati -
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a) 

b) 

c) 

Fig. 9. Microstructures 01' tonalites and granodiorites in thc western domain. a) Di stinct ly fo liated 
g ranodiorite. b) Fine-grained , s li ghtl y fo liated granodioritc. c) Medillm-g rained lInfoliated tonalite. 
Striped = biotite, hea vil y stippled = epidote, li ghtl y stippl ed = fcld spar, bright = qll ll rt Z. Scale bar 2 mm. 
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a) 

b) 

Fig 10. a) A distinct ly foliated tonalite/granodiorite containing xenoliths ofsupracrustal rock . The foliat ion 
IS ovcrprinted by a shear zone system. x=6838.1 1, y=350 1.90 b) A f'ine-grained tonalite/granodiorite (Fig. 
9b) und a younger, medium-grained tonalite (Fig . 9c) have intruded a llligmatitic und folded mica gneiss. 
Note intrus ion oft he older rock subparallel to axial p lane. Length of code bar 15 cm. x=6838. 74, y=350 1.11. 



zat ion of the gneisses, or during an early stage 
of the deformation that gene rated the E- W 
tre nding foliation. The fairly homogeneous 
younger tonali tes and granodiorites contain 
an E-W trending foliation albeit weaker than 
the one seen in the oldest tonalite . Hence, the 
younger plutonic rocks intruded the formerly 
mig matized supracrustal rocks during the de
formati on wh ich generated the folding. Dur
ing subsequent intrusion of a fels ic , medium
grained tonalite , the gneisse were almost 
completely assi milated , and only the amphibol
itic portions were preserved. The felsic tona
lire contains some gamet as a hybrid contami
nat ion product or resti ti c mineral. 

The two apophyses of the Puula Granite 
crossc ut the tonal ites/granodiorites and the 
foliati ons described above . Moreover , a s mall 
body of unfol iated , f ine-g rained gra nite brec
ciates the oldest tonalite/granodiorite. These 
granites represent the last episodes of igneous 
activity in the western domain. 

A NNE-SSW trending fol iation , overprint
ing the E-W trending foliat ion , is see n in the 
gneis ses and the tonal i tes/granod iori tes . T he 
metatuffites are fol ded , and biotite has recrys
tallized along the ax ial planes. Foliation in
tensity increases eastwards to the zo ne of high 
s trai n (s hown in Fig. 5). The zo ne is hetero
geneousl y deformed, co nsis ti ng of zones of 
mylonites and cataclasites anastomozing be
twee n areas of low strain. I n less deformed 
granitoids , partly recrystallized biotite and 
horn blende/ actinolite fo rm thin , anastomo
zi ng seams. In the mylonitic granitoids, defor
matio n is seen as reduction of grainsize in 
dy namically recrystaIIized quartz and mica, 
and defo rmation twinning and fracturing of 
fel dspar porphyroclasts with limited recrys
taIIization along microcracks. These features 
suggest mylonitizatib n near the amphibolite 
facies - gree nschist facies transition (S impson 
1985). In t he orthomylo nitic igneous rocks, 
stretching l ineations plunge steeply to verti
cal ly. In vertical sect ions S-C fabrics and 
fractured porphyroclasts with q uartz ta ils in-

Geological Survey of Finland. Bullet in 382 105 
Re lationship of granitoids, structures and ... 

dicate west-side-up sense of shear (Fig. I I a). 
Quartz ribbons occur between K-feldspar and 
amphibole porphyroclasts, and plagioclase has 
neocrystallized into fine-grained white mica , 
quartz and epidote. Biotite grai ns are kinked 
and ch lorite is a common alteration product of 
biotite . These features indicate greenschist 
facies metamorphism . 

No signs of penetrative NE-SSW trending 
foliation was observed in the Puula Granite, 
hence there is no direct evidence of the age 
relationship between thi s deformation and the 
emplacement of the gra nite. However , the 
emplacement probably predated deformation, 
because the foliation wraps around the south
eastern termination of the granite. Moreover, 
the foliation is not visible in the tonalites and 
granodiorite immediately so uth of the so uth
ern contact (F ig. 3); this area probably was a 
s train shadow during deformation. 

Open to tight folding and shearing of the 
NNE-SSW trending foliation , with roughly E
W striking crenulation , ca n be seen where the 
supracrustal rocks occupy large areas. No leu
cosome formation is associated with this fold
ing. The orientation of the foliation in the 
gneisses around the eastern Puula Granite 
injection, which dips moderately towards the 
granite suggest that the so uthern part is a 
bowl-shaped body , in cont rast to the general 
dike-Iike form. Probably this southern portion 
was deformed into bowl-shape due to fold in
terference contemporaneous with D

c 
doming 

in the eastern domain. Subhorizontal fold axes 
and axia l traces were observed elsewhere in 
the western domain, but the difficulty in cor
relation of structures in strongly migmatitic 
areas makes it debatable whether these struc
tures are the result of Fb-F, fold interference 
or earlier deformation . 

D
d 

cataclastic deformation can be seen in 
the igneous rocks as fracturing with highly 
variable orientations (also in the Puula Gran
ite). The fracture s urfaces are chloritized and 
often slickensided. Broader cataclastic zones , 
exten din g up to tens of meters and cons istin g 
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a) b) 

Fig. 11 . a) Myloniti c granodiorite with S-C fabric at the boundary of the western domain. Vertical section (para llelto lineation, 
perpendicular to foliation) , looking north. Sense of shear is west-up. K-feldspar porphyroc lasts (with quartz ribbon tails) are bright , 
amphibole elasts with remnants of cl inopyroxene are gray , strongly altered plagioel ase a11(1 mica are dark. Plane polarized light. 
Scale bar 5 Illm . x=6838.65 , y=3502.94. b) Cataelastic Illi crobrecc ia, overprinting mylonitic foliation in granod iorite at the 
boundary of the wcstern domain. Cross-polarized light. Scale bar 2 Illlll. x=6838.02, y=3503. 19. 

of microbreccia, are confin ed to the D
d 

shear 

zone at th e boundary of the two domains . 

Cataclastic deformation overprints th e mylo

nitic Sb foliation (Fig. 11 b). 

STRUCTURAL AND METAMORPHIC CORRELATION 

When th e structures in th e me taturbidite s 

and metatuffites (eastern domain) are com

pared with th e st ructures in the plutonic se 

quence (wes te rn domain), one faces the prob

lem that only the las t three tec tonothermal 

eve nt s ca n be co rrelated unequivoca lly (Table 

I ). There is no counterpa rt in the eastern 

domain to the migmatitic foliation and asso-

c ia ted high grade meta morphism in th e supra

crustal rocks of the western dOl11ain . The bio
tite inclusion trails in K-fe ldspar porphyro 

blasts ma y , howeve r , express an ea rl y defor

l11 a tional event sy nc hronou s with mi g matiza

ti on in the western dOl11ain. 

Because the original orientation of So in the 

eastern domain is not known , there is little 
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Tab lc I. Struc tural correlatio n between thc western and eastern doma ins. Nota ti o ns in parcnt heses in t hc eastern 
domain refer to the R a n tasa l m i-S lIl kava area (cf. Korsman & K il pe lä inen 1986). 

WES T E RN DOMA I N 

G ne iss ie fo li ati on in me ta tex itcs 

Fo lding in me tatexites, E-W axia l traee. 

In trus io n of to nali tes/granodio ri tes 

I ntrusion of PlIlI la granite 

Fo ld ing , NNE-SSW axia l trace 

C renu lation. E-W ax ia l trace; 

dome & basi n in tcrfe re nce s tr uc tu res 

Catac las t ic zones 

D, 
(D,) 

basis fo r co rre la tion be twee n ° a nd th e fo ld -, 
in g w ith E- W ax ia l t re nd in th e wes te rn do

ma in . M o reove r, th e s ty le of defo rm ati o n a nd 

assoc ia ted me ta morphi s m a lso diffe r , ma inl y 

du e to lith o log ica l diffe re nces. 

Corre la ti o n be twee n S b a nd th e NNE- SSW 
tre ndin g fo li a ti o n in th e wes te rn do ma in is 

jus tifi ed, because I ) th e inte ns it y of s tra in 

in c reases toward s the cente r of th e study a rea 

f ro m bo th s ides, 2) th e s ty le of de fo rm a ti o n is 

s imil a r , a nd 3) mine ra log ica l c ha nges s ugges t 

s imil a r me ta mo rphi c co nditi o ns . He nce, the 

O b du c til e shea r zo ne in th e ce nte r o f th e s tud y 

a rea is a bo und ary be twee n two lith o log ies 

th a t had di s tinct e arli e r tec to no th e rmal hi sto 

ri es. Th e ig neo us ro c ks in th e wes te rn d o ma in 

had bee n e mpl aced be fo re th e two d o ma in s 

we re j u xta posed b y pre do min a ntl y ve rti ca l 

moveme nt (wes t-s ide -up) durin g a nd aft e r O b' 

Th e mi c ros truc tures in F ig. 7 (p . IOl ) show 

th a t the prog rade me tam o rphi c reac ti o ns in 
th e eas te rn d o ma in occ urred 1l1 a inl y durin g 

Ob' Th e reac ti o n bi o tit e+ s illim a ni te+qu a rt z 

=> co rdi e rite+K-feldspar±ga rn e t indi ca tes in

c reas in g te 1l1pe ra ture. 

EAS T E RN DO M A rN 

(B io tit e in c ill s ioll t ra il s in K- fe lds par 

porp h yrob lasts) 

Pellctrat ive fo li ation, growth of 

fibrous sill imanitc a nd K -fe ldspar. 

Beginn ing of anatexis 

Cre nlli ation, NNE-SS W to NE-SW ax ia l trace. 
Partia l anatex is 

C ren ul ati on , E-W ax ia l trace; 

dome & bas in illtcrfe re ll ce str ll c tll res 

Catac lastic zo nes 

Th e ga rnet in F ig . 7a has deco mposed in it s 

rim s in to co rdi e ri te w hi c h ove rg rows O b bi o

tit e a nd is devo id of s illim a nite. Th e reac ti o n 

sugges ts decom press io n. In pi aces f ine-g ra in ed 

A I-s ili ca te ( 1l1 a inl y a nd a lus ite) a nd bi o tite bo r

d e rs th e co rd ie rite porphyro bl as ts (F ig . 12). 

Th ese min e ra l assembl ages ind ica te pos t- Ob 

retrog ress ive meta mo rphi s m in th e ga rn e t

co rdi e rite g ne isses. Simil a rl y , s illim a nit e in 

th e K- fe ld spar-s il l im a nite g ne isses has co m

mo nl y deco mposed into mu scov ite. 

Ko rs ma n e t a l. (1988) co nc luded th a t pro

g rade reac ti o ns a re c ha racte ri s ti c of th e Ra n

tasa lmi -Sul kava a rea w he reas re trog rade reac

tion s a re see n in th e Kiuruves i-H a ukives i C0 1l1 -

pl ex. In th e eas te rn d o ma in , bo th ty pes o f 

reac ti o ns ca n be seen in th e ga rn e t- co rd ie ri te 

g ne isses . 

In th e R a ntasa lmi-Sulk ava a rea (F ig. I ), 

K o rsma n a nd Kilpe lä in e n ( 1986) d isce rn ed a 

pe ne tra ti ve S2 fo li a ti o n , overprintin g a n SI 

fabri c th at ca n be di s tin gui shed o nl y in th e 
no rth e rn pa rt o f th e a rea. Grow th of s illim a ni 

te fibr es par a ll e l to S2 and prese rv a ti o n of 

ea rl y 0 2 bi ot ite in K- fe ldspar po rph y ro bl as ts 
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Fig. 12. Late retrograde andalusite (shown by lhe arrow) in the rirn ofcordierite. Scale bar Imrn. x=6839.32, 
y=3508.32 (as in Fig. 7b). 

are simi lar to the featu res associa ted with D 
a 

structure s in th e ea s tern domain . Moreover, 

D, deformation caused the block structure in 
the Rantasalmi-Sulkava area , like D

b 
deforma

tion in the present study area . The main problem 
in correlation between these two areas is that 
the E-W trending metamorphic isograds in the 
Rantasalmi-Sulkava area , parallel to S2 (Kors
man et al. 1984) , shi f t into NE-SW trending 
isograds towards the present study area (Kors

man et al. 1988). Hence, S2 appears to grade 

into Sh and not S". lf this is true , then the E
W trending foliation in the western domain is 

older than the E- W tre ndi ng S2 Fol iation north 
oF Sul kava. 

Large scale dome- a nd-ba sin structu res have 

been identified in the Savo Schist Be lt (Gaal 
& R au hamäki 1971, Nirone n 1989). In the 

eastern part of the be lt, D 2 deformation pro

duced penetrative S2 foltatio n and D) faulting 
(ductile shear zones ), and th e do me-and -basin 

structures were the result o f F.-Fs fold in
terference during retrograde metamorphism 
(Nironen 1989) . Correlation o f the latter struc

tures with the D, structure s in the study area 

merely on structural grounds ma y no t be jus
tified. However. the microstructu res a nd min
eral assemblages indlcate tha t the metamor
phic condition s were simil ar i n the se two 

areas when the ome-and-basin structu res were 
ge nerated. 

V-PB ISOTC PIC DATA 

U-Pb isotopic anal y ses were made on z ir

cons f rom three ig neous rock ty pes (Tab les 2 
and 3) . The ages were calcula ted using the 

decay constants of Jaffey et aI. (1971 ) , and the 
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Tabl c 2. V-Pb isotopic da ta from the Ota va area. 

Sampie C oncen trati o n Mea sured Lead ratios, ,u·Pb= 100 
Fraction <I ) (g/cm') /0 = gra in size ( ~m) (pprn) 
abr = gra in s abradcd ::n ~U ,o·Pb ,o·Pbl'u' Pb ' '''Pb ,o'Pb ,o'Pb 

A 16 - Vusi-Kol0, P ULIl a Granite 
A >4.2/0 > 130 341.2 84.24 1397 .06856 12 .42 I 13.23 7 
B >4.2 372.6 88.38 1 187 .08004 12 .558 14 . 164 
C 4 .0-4 .2 1111 197 .37 619 . I 5903 13.306 16.031 
D >4.6/0>160 300. 6 75.28 579 .4 . 17 I 52 13.824 16.725 
E >46170< 0 < 160/abr 5 h (0 >70 280 .7 77 .27 1991 .048 26 12. I 80 12.8 I 8 

after abr) 
F >4.6170< 0 < 160/abr 5 h (0 <70 250.0 70.41 3810 .02432 I 1.832 12 .710 

after abr) 

G titanite/3 .5-3 .6/0 > 160/abr 59 . 1 1596 278 .5 .3550 15.726 56.166 
H >4 .6/da rk, sho rl/abr 3 h 402. I 106.26 1933 .04960 12 .281 11.674 

>4.6/dark, long/abr 90 min 314.9 87.05 2536 .036 I 7 I I 957 12.902 
>4 .6/clear, long/abr 179 .6 50.94 2046 .04241 12. 026 15.315 

K >4.6/clear, short/abr 3 h 169 .6 4754 1220 07990 12. 581 15 .166 

A922 - Hokka, Puu la Granite 
A >4 6/0 > 70/abr 3 h 162.8 47.09 6696 .01 129 I 1.700 12 . I 5 I 
B monazite 7 I 7 . I 205.32 3825 .00946 I I 1.602 2146 

A923 - Käräjänicml , Puula GranIte 
A >4.6/ 0 > 70/abr 3 h 191.2 55.24 20706 .002853 I 1.613 11 .752 
B monazite 482.3 142.5 8 10469 .000773 I 1.474 2140 

A9 24 - Tähtiniemi , Puula Granite 
A >4.6/0 > 70 /abr 3 h 231.1 66.84 21228 .003004 I 1.622 11 . 18 I 
B >4.6/clear, long/abr 2 h 250.4 72.03 2640 .0254 1 11.879 13 .922 
C monazite 439.7 127.22 32 77 .0164 8 1 1.689 2487 
D 4.2-4.6/long/0>70/abr 3 h 422.1 116.24 7418 .01193 1 1.644 12.285 
E 4.2-4.6/clear, sho rl/0 >70/abr 413.0 I 13 .30 5064 .01693 11.733 1 1. 059 
F 4.2-4.6/dark/0 >70/abr 2 h 6 I 5.4 164.38 3866 .022 I 9 I I. 97 3 I 1.068 
G 4 .0-4.2/dark/0 > I I Cl/abr 2 h 1236 3 15 .52 51 44 .0 1615 11.743 9.662 

A695 - Syväsmäki , granodiorite 
A >4.6 605.5 158.69 1876 .052 86 12.2 58 6.880 
B 4.2-4 .6 405.4 107.37 2015 .04905 12.199 7 .76 I 
C 4.0 -4.2 870.5 214 .55 253 6 .03908 12.08 6 6. 148 
D titanite 128 .0 35.33 1311 .07505 12.480 6.767 
E >4.6/0 > 70/abr 5 h 554.0 16 1.8 2 1856 7 .004403 I l. 7 I 3 5 .225 
F 4.0-4.2/0 > 70/abr 3 h 835.5 227.52 6267 .01485 I I. 848 5 .02 8 

AII 95 - Otava , granodiorite 
A 4 .3-4.5/0 >70 506 147.8 10806 .0083 I 11.963 6.628 
B 4.2-4 .3/0 <70/abr 3 h 707 202 .7 1I I 12 .0081 I 1 I. 728 5.9 I 5 
C 4.2-4.3/0 >70 75 8 2 I 5.6 5782 .0 I 635 12. 05 6 6.435 
D 4.3 -4.5/0 <70 502 145.6 8355 .01 112 11.876 6 .989 
E 4.2-4.3/0<70 707 200.5 5564 .0 I 738 I 1.876 6.510 

<I) All fractions are zircon un less otherwise indlca ted. All data co rrec ted for bla nk (0.88 ng Pb, 0.37 ng U ). 
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Table 3. U/Pb ratio s and apparen t radiometrie ages for z ircons , mo naz ites, and titanite fro m the Otava area. 

Sampie 
Fract io n 'Oopbl'-"U 

Atomie ratios 
2°'Pbl'-" U 

A I6 - Uusi-Kolo, PUllia Granite 

A .2854 4.522 

B .2742 4.338 

C .2054 3. 157 

0 .2894 4.59 1 

E .318 1 5.056 

F .3255 5. 162 

G .3 11 8 4.681 

H .3054 4.890 

.3195 5.052 

.3279 5. 177 

K .3239 5 . 136 

A922 - Hokka, Puula Granite 

A .3343 5.323 

B .3309 5.235 

A923 Käräjäniemi , Puul a Granite 

A .3339 5.328 

B .34 17 5.40 I 

A924 - Tähtiniemi, PUllia Gra nite 

A .3343 5.338 

B .3325 5.288 

C .3344 5.287 

0 .3 183 5.039 

E .3 17 1 5.029 

F .3087 4.969 

G .2950 4.687 

A695 - Syväsmäk i. g ranodio rit e 

A .3029 4.82 1 

B .3061 4.868 

C .2849 4.539 

0 .3376 5.424 

E .3148 5.055 

F .319 1 5.045 
A1195 - Otava , granod iori te 

A .3374 5.5 13 

B .331 I 5.303 

C .3288 5.365 

0 .3352 5.420 

E .3279 5.263 

.1 149 1618 

.1148 1562 

. 1 I 15 1204 

· 11 5 1 1638 

· 11 53 1780 

. 11 50 18 16 

· 1089 1749 

. 11 6 1 17 18 

.1 147 1787 

.1 145 1827 

.1150 1808 

. 11 55 1859 

. 11 47 1842 

. 11 57 1857 

. 1146 J 894 

.1158 1859 

. 11 54 1850 

.1147 1859 

. 1148 178 1 

. 1150 1775 

.1 167 1734 

. 1153 1666 

. 1154 1705 

.1154 1721 

. 11 56 1615 

. 11 65 1875 

. 11 65 1764 

. 11 47 1785 

. 11 96 

.1173 

. 1206 

.1188 

.1186 

Apparent ages (Ma) 

TC'°'/"") 

1735 

1700 

1446 

1747 

1828 

1846 

17 63 

1800 

1828 

1848 

1841 

1872 
1858 

1873 
1884 

1875 

1866 

1866 

1825 

1824 

18 13 

1764 

1788 

1796 

1738 

1888 

1828 

1826 

T (")7/"") 

1879 

1876 

1823 

1880 

1884 

1880 

1780 

1897 

1875 

1872 

1880 

1887 
1875 

189 1 
1874 

1892 

1885 

1874 

1877 

1880 

1907 

1883 

1886 

1885 

1889 

1903 

1903 

1874 

1934 

J898 

1931 

1915 

1902 

Atomie rati os co rrec ted for eo mm on lead (see Ooe & Staeey 1974) 

me thod of York (1969) was used to fit the 
reg ression lin e. Th e age uncertainties of the 
concordia intersec tion s a re g ive n at the 2-sig
ma level . 

An age of 1906± I 0 Ma (Fig. 13a) wa s o b

tained from a medium-grained granodiorite in 

the western pa rt of th e stud y area. The g rano
diorite belon gs to the yo unges t tonalitic/g rano
dioritic phase (see p. 102). Titanite from th e 
sa me sampIe yielded a n age of 1882 M a. 

The distinctly fo li ated granitoid in the west

ern domain gave an equivocal result (Fig. 
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13b). The dispersion of the various fractions 
on the concordia plot suggests that the frac
tions consist of two zircon populations , one of 
about 1900 Ma and the other of at least 1930 

Ma. The older zircons may be inherited from 

the source area; the younger ones would g ive 
the age of emplacement. However , it is uncer
tain whether zircons could persist in the rather 
high temperatures of g ranodioritic- to nalitlc 
magma. Alternatively. the gra nitoid was e m

placed about 1930 Ma ago , a nd the z ircons 
were affected by an early metamorphism or 
the s ubsequent intrusion of the 1906 Ma old 

g ranitoids . 
When the heavy mineral fractions of the 

fo ur sampIes from different parts of the Puula 
Granite were a nalysed , it turned out that one 
sa mpIe (A 16) contained abundant titanite but 

no monazite , whereas the other three sa mpIes 
contained monazite but titanite was rare or 

lack ing. A total of 18 zircon fractions from 
the fo ur sa mpies show that also the Pu ula 
Granite contains more than one z ircon popu
lation (F ig. 13c). When the most discordant 

frac tion C (Table 3) is excluded , the density 
fractions yield a geologically dubious age of 
1890±3 Ma. The ratio points of long z ircon 

c rystals as weIl as the three monazites plo t 
over the broken line defined by the density 

f ractions. T he monazite a nalyses give a ve ry 
coherent age of 1874 Ma ( the position of sa m
pIe A923 above the concordia curve IS prob
ab ly due to analytical error) . The add ition of 

ratio points of ( Ion g) zircons to the monazite 
data is hazardous: an addition of a sligh tly 

older zircon populat ion may give an errone
ous chord wi th on ly a sl ight change in the 
uppe r concordia intercept but a marked shift 
of the lo wer in tercept towards the or igi n. 

Therefore , only two monazites (A922 B and 

A924C) a nd one zi rcon fraction (A 161, long 

bright crystals) were used to define the yo ung
er populat ion ( 1876±7 Ma). If a chord is drawn 

through ratio points A 16H , A924F a nd A924G , 
situated bel ow the line o f the density frac
tlOns, the upper intercept of co ncordia will 

give an age of 1968±18 Ma . However , s ince 
the th ree ratio poin ts for m a relatively tight 
group and represent two sampIes, one s hould 

be cautious about the geological mea nin g of 
this age. 

In a review of monazite U-Pb geoch rono l
ogy (Pa rri sh 199 0), the advantage of monazite 

dating was pointed out in determinating the 
crystall i zation age of gran i toids wi th in heri t

ed zirco n. Inheritance in monazite U-Pb sys

tematics is rare, but possible retrograde meta
morphic growth of monazite in g ranitic rocks 
has to be taken in acco unt. T he coex istence of 
monazite a nd the coeval lo ng, bright zi rcon 
crystals provide a stron g evindence fo r crystal
lization of both minerals from a melt. Hence , 

these crys tals date the crystall ization of the 
Pu ul a Gra nite about 1875 Ma ago. 

The two titanite ages, 1882 Ma for the grano
di orite and 1781 Ma for the Puula Granite , 
refl ect cooling of the two gra nitoid s. Thus the 
g ranodiorite had cooled below the clos ure 

temperature of titanite before the emplace
ment of the P uula Granite. 

DI SCUSSION 

The age da ta indicate that the s upracru s tal 
rocks in the western domain are older than 
1906 Ma , because they were folded a nd meta

morphosed before the intrusion of the medi
um- g rained tonalite/granodiorite. Ages around 
1905 Ma have been obtained from magmatic 

rocks elsewhere in the Kiuruvesi-Haukivesi 

complex (Huhma 1986 , V aasjoki & Sakko 
1988 ) . T he distinctly foliated g ranitoid may 
be a cou nterpart of the 1.93-1.92 Ga ortho
gneisses, located further north in the Savo 

Schist Belt (see Lah tinen 1994). The equivo
cal U-P b zircon data of the distinctly foliated 

g ranitoid s how s the problems in interpreting 



granitoid s with discordan t zircons . In this 
case the single zircon anal ys is method ma y 
provide a deeper insight into the history of the 
granitoid . 

The age of the high grade metamorphism in 
the western domain is also ambiguou s. Is th e 
metamorphic episode only a few M a older 

than the emplacement of the tonalIte /grano
diorites or considerably older, e.g. 1.92 Ga in 
age? 

The metavolcanic rocks of the western do
main are older than the metavolcanic rocks of 

the Tampere Schist Belt , dated between 1904 

Ma and 1889 Ma (Kähkönen et al. 1989). If 
the E- W trendi ng (fold ax ia I planar) fol i ation 
in the western domain is considered part of 

th e E-W structural trend o f so uthe rn F inlan d, 
then thi s structure is certainly older tha n F] 
folding in the Tampere chist Be lt, dated 
around 1.88 Ga (Nironen 1989). The bloc k 
boundary and other D

h 
structures in the east

ern domain clearly overprint thi s structural 

trend . 
The Puula Granite , the last magmati c pulse 

in the western domain , is undeformed excep t 
for the shear zone. A s imilarl y coarse-porphy

ritic , apparently undeformed granite a t th e 
southern marg in of the CFG C yielded an age 
of 1880± 16 Ma (Sjöblom 1990). Hence , a 
group of porphyritic granites, slightly young

er than the typical synkinematic plutonic rock s, 

seem to exstist at the southern margin of the 

CFGC. 
Extensive retrogression is generally restrict

ed to zones of deformation a nd/or hydrother
mal activity (e.g . Etheridge et al. 1983 ). The 

mineral assemblages in the less deformed gran
itoids studied here suggest amphibolite fac ies 

conditions. The assemblages in the mylonitic 
rocks are apparently unstable , with both lower 

amphibolite facies and greenschist facies charac
teristics. The variety of mineral assemblages 
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as weIl as the shift from a re g ime of crystal
plastic deformation (mylonites ) to cataclastic 

deformation suggests prolonged (co ntinuou s 
or repeated ) deformation , facilitated by hy
drothermal activity. L ittle can be said about 

the amount of uplift of the western block rel
ative to the eastern one by the present retro
grade mineral assemblages; the relative move
ment and the contemporaneous isostatic uplift 
of both blocks in the crust have contributed to 
the a semblages. Another problem is whether 
the supracrustal rock s of the eastern domain 

overlied the high grade rock s of the western 
domain before erosion or whether the two 
areas were distinct until the juxtaposition . 

The 1.88 Ga and 1.78 Ga ages of titanite in 
the granodiorite and the Puula Granite , re
spectively, imply that the western domaln 
cooled relativel y soon after mag mati c activi
ty. The age relationship between block move
ment and progressive metamorphi sm in the 

eastern domain is equivocal , because both 
occurred during a prolonged period. Appar
ently movement along the block boundary 
initiated during D

h 
deformation , and culmina

tion of metamorphi sm in the eastern domain 
wa s roughly contemporaneous with D

h
• Since 

the Puul a Granite probably intruded before 
th e initiation of D

h
, the maximum age of D

h 

deformation is 1875 Ma. 

The late folding, responsible for the dom e

and-basin interference structures , occurred 
about 1.80 Ga aga in the Savonlinna area 
(N ironen 1989). The crust of the southeastern 
Savo Schist Belt was hot enough to deform in 
a ductile manner during O e because of the late 
culmination of metamorphism and associated 

extensive granitic plutonism. The block bound
ary may have been active during thi s deforma 
tion, and it certainly was active afterwards, 

during cataclastic D ei deformation. 
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