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Pillow lavas, some highly deformed and now seen as banded diopside 
amphiboliites and tremolite-epidote-chlorite rocks (»barren skarn»), 
occur within the lower Proterozoic Outokumpu rock association at 
Losomäki, 50 km N.W. of Outokumpu. The occurrence of these 
sub-aqueous volcanic assemblages, together with the previously 
described serpentinite—metadolomite—non-detrital quartzite—cupri-
ferous sulphide ore—black schist assemblage, is similar to those 
found in both Phanerozoic ophiolite complexes and the lower members 
of Archaean greenstone belts. The nature of this assemblage is of 
significance in assessing the lithospheric processes operative in early 
Proterozoic times as well as in elucidating the evolution of the 
Svecokarelides. 
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Introduction 

The maf ic p i l low-lava — serpent in ised 
u l t r amaf i c plutonic rock association is an 
in tegral pa r t of both the lower member s of 
Archaean greens tone t e r r anes and P h a n -
erozoic ophiolite complexes. In both in-
stances, the association is a s ignif icant indi-
cator of l i thospheric processes. Al though the 
mechanisms opera t ive in the deve lopment of 
Archaean greens tone bel ts a re the subjec t of 
much debate , in the case of ophiolite suites 
much l ight has been t h r o w n on processes 
opera t ive in the past by comparison wi th 
present day pla te tectonic processes. How 
far back in geological t ime this compar ison is 
valid has yet to be conclusively established. 

Besides pi l low-lavas of b road ly oceanic 
p rovenance and u l t r amaf i c mater ia l of a 
pr imi t ive na tu re , both t h e lower member s of 
Archaean greens tone bel ts and ophiolite com-

plexes include carbonaceous pelites, dolomites 
and siliceous chemical sediments as in tegra l 
par ts . In addi t ion sulphide ore deposits, 
par t icu la r ly of cupr i fe rous pyr i te and py r -
rhoti te , a re associated wi th the volcanic m e m -
bers of both associations. 

The lower Proterozoic O u t o k u m p u associa-
tion in the Svecokarel ides of eas tern F in land 
(Gaål et al., 1975) contains most of the rock 
types of these associations, viz. serpent in i te , 
metadolomi te and non-de t r i ta l quar tz i te to-
ge ther wi th black schist (Huhma, 1975). In 
addit ion t h e r e a re copper deposits of m a j o r 
economic impor tance (Outokumpu, Vuonos, 
Luikonlaht i , see Fig. 1) for which a m a r i n e 
env i ronmen t of fo rmat ion is indicated by 
su lphur isotope studies (Mäkelä, 1974). This 
is consistent wi th a volcanogenic exha la t ive 
origin f i rs t suggested by Bocher t (1954). How-
ever, to da te no direct observat ional evidence 
indicat ing the exis tence of volcanic produc ts 



136 Adrian F. Park and D. R. Bowes 

, , / / / / 
V \ \ \ \ \ 

/ / / S + + \ \ \ \ \ 
> V V / / / / 

^ + t * + *05 |8Q + ++, 

. . 

+ V + + + + f > \ \ \ \ \ 
/ / / / / 

. . A + + V * V + \ \ \ \ \ + + + + + + / / / / . 
- - + + •+ + + \ \ \ \ + + + + + + +-• + +, K ^ , y 
• + + + + + + + / / / / / 

\ \ 
/ 

\ \ ^ r A V X v • + • + + . V + V +
 + - t V + V \ N \ 

LUIKONLAHTI^^tO^lTO^^^/^^^^^WiOQ 0 6 | 05 / / 

4 t * i + + + -» + t- i G r a n i t e 

M i c a schists 

(Ka lev i an ) 

/ 

V \ 

f / / 

M e t a - a r e n i t e s , quartz i tes , 

mica schists, a m p h i b o l i t e s . 

(Jatulian) 

Q u a r t z o f e l d s p a t h i c gne i s s 

(Pres vecokarel ion) 

S e r p e n t i n i t e s , metavo lcan ic rocks, 

m e t a s e d i m e n t s ( O u t o k u m p u a s s o c i a t i o n ) 



Metamorphosed and deformed pillows f rom Losomäki. . . 137 

in the O u t o k u m p u association has been re -
corded. Severa l au thors have suggested a 
volcanic (and ophiolitic) origin of the associa-
tion, notably Wegman (1928) w h o based his 
conclusions on analogies be tween the K a r e -
lian mica schist (meta-f lysch)-serpent in i te as-
sociation and the f lysch-ophiol i te assemblage 
of the Alps. Despi te more recent s t ra t ig raphic 
studies having indicated tha t m a n y of Weg-
man ' s conclusions are untenable , the volcanic-
ophioli te implicat ion has survived. For ex-
ample, H u h m a (1975, p. 139) re fe r s to the 
Vuonos Cu-Co-Ni deposit as being wi th in »a 
basin (that) contains se rpent in i te ophiolites». 

A m a j o r d i f f icu l ty re la t ing to the recogni-
tion of original f ea tu re s of rocks of t h e Outo-
k u m p u association der ives f r o m the intense 
de fo rmat ion and h igh-grade m e t a m o r p h i s m 
they have su f fe red dur ing an extensive poly-
phase de fo rmat iona l and po lymetamorph ic 
h is tory (cf. Gaål et al., 1975). However , in 
some h igh-grade t e r r anes not un l ike the 
Svecokarel ides of eas tern Finland, volcanic 
products showing va ry ing degrees of de fo r -
mat ion and me tamorph i sm have been recog-
nized and banded rocks der ived f r o m pillow 
basal ts have been described (cf. Myers, 1978). 
In sou thern Finland, in the Svecokarel ides, 
Ehlers (1978) has shown tha t banded diop-
s ide-bear ing amphibol i tes and banded am-
phibole-bear ing gneisses were der ived f r o m 
volcanic rocks, including pil low lavas (cf. 
Gaål, 1980). Rocks which have corresponding 
mineralogical compositions also occur in the 
O u t o k u m p u association, in par t i cu la r the 
banded or massive diopside- t remol i te-epidote 
rock, known locally as »barren skarn» and 
included wi th in the l i thological uni ts desig-
na ted as »skarn» on the maps of the Outo-
k u m p u distr ict (Huhma, 1975). The s t rong 

Fig. 1. Outline geological map of part of eastern 
Finland showing the distribution of the rocks of 

the Outokumpu association. 

band ing of some of the rocks is a p roduc t of 
in tense tectonism associated wi th m e t a m o r -
phic d i f ferent ia t ion . However , in the Loso-
m ä k i area, about 50 km nor thwes t of Outo-
k u m p u (Fig. 1), banded amphibole- and py -
roxene-bea r ing rocks g rade into rocks s h o w -
ing f ea tu re s which p re -da te the earl iest de-
fo rmat iona l f abr ic and which can be ident i -
f ied as pil low s t ruc tu res (Figs 2, 3, 4). These 
observat ions show tha t the O u t o k u m p u as-
sociation does contain one m a j o r l i thology of 
an ophioli te complex not previous ly ident i -
fied posit ively. They also mean tha t cr i ter ia 
can be establ ished by which fea tu res consis-
tent w i th a volcanic pa ren t age can be ident i -
fied in at least some, and possibly many, of 
the banded maf ic rocks of the district , f ea -
tu res t ha t would have remained unrecognized 
had the grada t ion f r o m clear ly ident i f iable 
pil low lavas to banded maf ic rocks not been 
observed. 

Structural setting 

The rocks of the O u t o k u m p u association in 
the Losomäki a rea occur wi th in a m a j o r zone 
of thrus ts , wi th imbr ica te zones, in which 
the rocks of the association, or pa r t s of the 
association, have been repea ted in a s tack of 
tectonic slices which include slices of A r -
chaean basement gneisses, Kalev ian mica 
schists and Ja tu l i an quar tz i tes and amph i -
bolites (cf. Gaål et al. 1975 for regional geolog-
ical setting). The th rus t s a re expressions of 
the second de format iona l phase (Do) of the 
Svecokare l ian orogenic episode of eas tern 
F in land (cf. Bowes, 1976 a). Ad jacen t to and 
wi th in the t h rus t zones, h igh s t ra in has re -
sul ted in the product ion of an in tense schis-
tosity (S2), bu t wi th in the more cent ra l pa r t s 
of individual tectonic slices, ear l ier fabr ics 
and f ea tu re s a re preserved. The S, sur faces 
developed du r ing the f i rs t de fo rmat iona l 
phase are genera l ly ve ry prominent , these 
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being expressed as a fol iat ion re la ted to me ta -
morphic segregat ion fo rmed unde r uppe r am-
phibol i te facies condit ions (cf. Hopgood, 1980, 
fig. 16). It is seen to overgrow original f e a -
tu res such as bedding and pillows. La te r 
s t ruc tu ra l e lements de fo rm or cut the D, and 
D:, f e a tu r e s as well as original s t ruc tures . 
They include locally developed drag- fo lds (in 
places con juga te s t ruc tu res and r e f e r r ed to 
as F2(.) wi th an associated cleavage (S2l.), the 
m a j o r folds at Losomäki (F3) wi th the i r axial 
p lanar cleavage (S3) and an S4 f r a c t u r e c leav-
age whose expression is l i thologically depen-
dent . 

The fabr ics seen in the rocks of Losomäki 
have regional expression in eas tern Fin land 
whe re they charac te r i se the cover sequence 
of the Svecokarel ides. The F, folds a re gen-
eral ly isoclinal wi th the axial p lanar Sj 
fabr ic (initially a spaced pressure solution 
cleavage, recrystal l ized as a d i f fe ren t ia l 
minera l growth) near ly f la t - ly ing. Ear ly D, 
movements resul ted in the emplacement of a 
m a j o r t h rus t -bound nappe uni t (the Savo-
K a r j a l a n nappe) whose base is def ined by 
the occurrence of the O u t o k u m p u associa-
tion. M, me tamorph i sm (garnet-cordier i te 
sub-division of the uppe r amphibol i te facies) 
reached a peak a f t e r the D, nappe emplace-
ment whose e f fec t was to r epea t t h e s t ra t i -
graphic succession wi thou t inversion. F 2 folds 
a re t ight to open, commonly asymmetr ica l 
and the re la ted p rominen t schistosity is usu-
ally mani fes t as a biot i te g rowth . Transposi-
tion is genera l ly m a r k e d wi th in the S2 fabr ic , 
especially in some mica schists, and in t h rus t 
zones, in which ea r l i e r - fo rmed s t ruc tu res a re 
almost completely obl i terated. M2 me ta -
morph i sm was also at uppe r amphibol i te 
facies (garnet-cordieri te) . A f t e r M2 t h e P - T 
condit ions corresponded to those of g reen-
schist facies. Though regional ly penet ra t ive , 
S2t., S 3 and S4 overgrow r a t h e r t han replace 
ear l ie r fabrics . The F2l. folds tend to be con-
cent ra ted in NW-SE- t rend ing belts para l le l 

to the m a j o r ( t ranscurrent ) Raahe—Ladoga 
l ineament (N. M. Halden, T. J . Koist inen, pers. 
comm.). F 3 folds a re open and upr igh t wi th 
approx imate ly N-S-s t r ik ing axial planes and 
near hor izonta l axes. F4 folds a re also of ten 
up r igh t wi th axes main ly p lunging at shal low 
angles to the southwes t (cf. Bowes, 1976 a). 

The recognit ion of these var ious tectonic 
and me tamorph ic f ea tu re s is cri t ical in the 
reconst ruct ion of the original shapes and 
lithological var ia t ions of the volcanic f ea tu r e s 
(cf. Figs 2, 3, 4). In addit ion the i r ident i f ica-
tion as pa r t s of regional ly expressed f ea tu r e s 
of the ear ly Proterozoic Svecokarel ides, r a t h -
er t han of the la te Archaean Presvecokare -
lides (Bowes, 1976 b, 1980 a) excludes the 
possibility of the volcanic f ea tu re s being those 
of a greens tone be l t in tectonic slices of base-
ment . 

Description of pillows 

The pi l low-bear ing assemblage of Loso-
mäki consists of diopside-epidote pods (large-
ly zoisite and a-zoisite, wi th epidote) in a 
host of t remol i te-chlor i te schist. In the two 
tectonic slices of the D 2 imbr ica te s tack south 
of Ylä-Poski j ä rv i (Grid ref. 817 082) in the 
Losomäki area, they are in te rca la ted wi th 
quar tz rock, var ious skarns and black schists. 
In the cent ra l pa r t of one tectonic slice, over 
30 met res f r o m a D2 th rus t , the pod-l ike 
masses represen t ing pil lows are e longate to 
va ry ing degrees and an S, banded fabr ic 
runs t h rough them (Fig. 2). Some of the pods, 
notably those showing least elongation, show 
marked var ia t ion in gra in size f r o m the 
centre to the marg in wi th a t ex tu r e s t rongly 
resembl ing ophit ic t e x t u r e seen on the w e a t h -
ered surfaces of some of the cent ra l parts . The 
rim, which complete ly encloses the cores of 
those pil lows not a f fec ted by boudinage, is 
in te rp re ted as a quench product . 

The pillows show progressive f l a t t en ing 
wi th in the Sj fabr ic . Some also show the 
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Fig. 2. Photomosaic and diagram of deformed pillows (diopside-plagioclase-zoisite) in matrix of tremolite-chlorite schist; Ylä-Poskijärvi, 
Losomäki (Grid ref: 812 081). 
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Fig. 3. Photomosaic and diagram of deformed pillows (diopside-zoisite) in matrix of banded tremolite-
chlorite schist; Ylä-Poskijärvi, Losomäki (Grid ref: 813 082); overlap with Figure 4 at right hand side. 
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Fig. 4. Photomosaic and diagram of deformed pillows; overlap with Figure 3 at left hand side. 
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beginnings of f r agmen ta t i on by boudinage 
induced by the competence cont ras t be tween 
pil low and mat r ix ; these morphological e f -
fects can be dis t inguished f r o m those related 
to original shape (Fig. 5). In the m a t r i x F, 
folds a re isoclinal. They, toge ther wi th elon-
gate pillows, a re refolded by F2 asymmetr ica l 
folds. The associated axial p l ana r So cuts S, 
at a shal low angle. It is main ly expressed 
in the ma t r ix ma te r i a l be tween the pillows, 
but occasionally is expressed in the pil lows 
themselves. Deformat ion of S ( by Fo scar 
folds at boudin necks indicates tha t the m a j o r 
boudinage is a Do f e a t u r e re la ted to extension 
in Fo limbs. 

Removal of the ef fec ts of D, and Do leaves 
concentr ical ly zoned (fine coarse-grained) 
pods in a chlorit ic m a t r i x (Fig. 5). The m a t r i x 
d i f fe r s so marked ly f r o m t h e pods tha t its 
phyllonit ic der ivat ion f r o m the pods mus t be 
discounted. An origin of the pods as the resul t 
of pre-D, boudinage can also be discounted 
because (1) the marg ina l zones completely 
su r round the cores and (2) the pods t h e m -
selves do not show a dis t r ibut ion consistent 
wi th the f r agmen ta t i on of an ear l ier l ayered 
sequence. 

While the pr inciple fabr ic of the rocks in 
F igure 2 is S,, t ha t in F igures 3 and 4 is So. 
The rocks i l lus t ra ted in the two la ter f igures 
a re wi th in f ive met res of a D2 t h rus t wi th 
Fo folds isoclinal and v i r tua l ly co-axial 
p l ana r wi th the F, folds. R e m n a n t s of la rge 
pillows are preserved bu t boudinage is more 
s t rongly developed than in the rocks of Fig-
ure 2. The large pod near the cent re of Fig-
ure 3 has a coarse gra ined core, which is w i th -
out s t rong macroscopic foliation, bu t t h e 
marg ina l zone shows a s t rong p l ana r fabr ic 
which at boudin necks (Fo scar folds) is de-
formed, bu t e l sewhere (Fig. 3 top left) is a 
composite So and S,. Open asymmetr ica l 
F2c folds wi th an axial p lanar c leavage de-
f o r m the composite So-S, fabr ic . 

The change in in tensi ty of expression of 
Do is paral le l led by the degree of elongation 
exhibi ted by the pil lows; the elongation ra t io 
changes f r o m 2 to 5 : 1 in F igure 2, to 10 to 
20: 1 in F igure 4. With the except ion of t h e 
large example common to Figures 3 and 4, 
the pil lows are represen ted as e longate 
boudin trails, bu t the i r original n a t u r e is 
indicated by the i r f ine gra ined sheaths. 
Ad jacen t to Do thrus ts , t he composite S r S 2 

is so pene t ra t ive and closely spaced tha t 
in t rafol ia l f ea tu re s a re almost complete ly ob-
l i tera ted (Fig. 3 top left , Fig. 4 cent re left). 
I t is such banded rocks as these tha t a re com-
monly seen in the outcrops of the »barren 
skarns» of the district . A w a y f r o m the Do 
th rus t planes, and wi th in tectonic slices, the 
metavolcanic rocks are in original r a t h e r than 
tectonic contact wi th o ther l i thologies more 
typical of the O u t o k u m p u association, e.g. 
quar tz - rock and chrome- t remol i t e -ca rbona te 
skarn . 

Discussion 

Cri ter ia for the recognit ion of rocks der ived 
f r o m pi l low-bear ing assemblages in the Outo-
k u m p u association, and the i r separa t ion f r o m 
rocks wi th pod-shaped masses resul t ing whol -
ly f r o m boundinage, can now be establ ished 
(Fig. 5). 

1. Pi l lows exhibi t some degree of concen-
tr ici ty in zoning f r o m coarse- to f ine-gra in 
size. This zoning can be recognized even 
whe re the re has been a considerable degree 
of f l a t t en ing and recrystal l izat ion leading to 
the development of a pene t ra t ive S, -S 2 

schistosity. 
2. Pi l low te rmina t ions exhibi t folding of 

both the outer shea th and the foliations, as 
opposed to only the f o r m e r in boudin-neck 
scar-folds. 

3. The cent ra l pa r t s of some pillows ex-
hibi t igneous textures . 
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Fig. 5. Schematic representation of pillows and their progressive deformation, (a) Flattening in Di 
and boudinage in Da; away from Da thrusts, (b) Flattening in Di and folding and boudinage in D»; 
away from Da thrusts, (c) Flattening in Di and Da,boudinage in Da, folding in Dac; adjacent to Da 

thrust. 

The demons t ra t ion of the existence of pil-
lows means tha t pa r t of the O u t o k u m p u as-
sociation resul ted f r o m sub-aqueous vol-
canism. The products a re notably f r e e f r o m 
chromium-bea r ing silicate minerals , such as 
chrome-diopside, chrome- t remol i te , chrome-
epidote and uvarovi te , which character ize 
skarn rocks wi th which these metavolcanic 
rocks have previously been grouped. 

Discr iminat ion of the metavolcanic rocks 
in the O u t o k u m p u association f r o m those of 
both the lower Proterozoic J a t u l i a n assem-
blage and t h e upper Archaean greens tone as-
semblage is based main ly on s t ruc tu ra l 
grounds. The Ja tu l i an rocks of t h e Losomäki 
distr ict belong to d i f f e ren t s t ruc tu ra l uni ts 
t han those of the O u t o k u m p u association (au-
tochthonous and al locthonous sequences, re -
spectively). Accordingly, to have J a t u l i a n and 
O u t o k u m p u assemblages jux taposed would 
requi re tectonic contacts. However , at Loso-
mäki volcanic rocks have original, non- tec to-
nised contacts wi th o ther uni ts of the Outo-
k u m p u association. Comparab le s t ruc tu ra l 

a rgumen t s apply to excluding the presence of 
metavolcanic rocks of the Presvecokare l ian 
greens tone belts amongst the O u t o k u m p u as-
sociation. In addit ion, t he re a re no fabr ics 
ear l ie r tha t the D, Svecokare l ian fabr ics in 
the metavolcanic rocks of Losomäki, whi le 
slices of Presvecokare l ian basement would be 
expected to show extensive effects of late 
Archaean polyphase de fo rmat ion as wel l as 
the effects of ear ly Proterozoic processes (cf. 
Bowes, 1980 a). Also, those basement slices 
tha t have been emplaced into the cover as-
semblage of the Svecokarel ides a re composed 
dominan t ly of quar tzofe ldspa th ic gneisses and 
a re la ted grani to id association and not the 
rock types known f r o m the late Archaean 
greens tone belts of eas tern and n o r t h e r n F in-
land (Blais et al., 1977; Gaål et al., 1978). 

Banded diopside amphibol i tes and diopside-
t remol i te -epidote rocks like those in which 
the pil lows occur at Losomäki a re a common 
f e a t u r e of the »barren skarns» th roughou t 
the area in which the O u t o k u m p u association 
is known. This suggests tha t the volcanic 
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assemblage could be widespread . I ts recogni-
tion in a s t rongly tectonised s ta te could be 
based on the de te rmina t ion of the geochem-
ical charac te r s of the Losomäki pi l low lavas 
as indicat ive of t h e composition of the m e t a -
volcanic assemblage. In this r egard it should 
be noted tha t H u h m a and H u h m a (1970) re -
corded tha t some of the chlori t ic schists of the 
O u t o k u m p u distr ict d i f fe red m a r k e d l y in geo-
chemical charac te r f r o m those which w e r e 
clearly der ived by tectonisat ion of u l t r amaf i c 
rocks. 

The recognit ion of the exis tence of sub-
aqueous volcanic rocks amongst the Outo-
k u m p u association, whose o ther m e m b e r s 
have been assumed by a n u m b e r of worke r s 
to have been indirect p roduc ts of volcanic 
processes, clears u p a m a j o r anomaly . It also 
opens up the possibilities of (1) chemical com-
position being used to establ ish possible con-
dit ions and depth of the m a n t l e source region 
for the basic m a g m a and hence geotectonic 
position, (2) the O u t o k u m p u association being 
a m a j o r fac tor in unrave l l ing the evolut ion 
of the Svecokarel ides (Campbell , 1978; Bowes, 
1980 b), and (3) the O u t o k u m p u association 
being used both to establ ish the n a t u r e of 

ear ly Proterozoic l i thospheric development 
and also to assess s imilar i t ies and d i f f e rences 
in Archaean , Proterozoic and Phanerozoic 
maf i c -u l t r amaf i c rock associations. F u r t h e r -
more, not only does the recognit ion of pi l low-
lavas provide a recognized source for cupr i f -
erous deposits fo rmed in an oceanic env i ron-
m e n t (cf. Bochert , 1954; Mäkelä, 1974), but 
also it places the O u t o k u m p u association and 
its ores in a more r igorously def ined p a r a -
genetic set t ing. This has implicat ions for the 
unders tand ing , assessment and f u r t h e r ex -
plora t ion of th i s pa r t i cu la r ore province. 
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