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C O R R l  6 E N D U M p. 7 7

It 15 acknowW gcd that the term 'lithofacies is used here

in a Somewhat different sense, than in tjp/cal sed im ento log ica l s tud ies^  but

it nevertheless seems more appropriate than formation  ̂ suite or

mere liihoicjgical descriptors s u à i  as metapsammitg or mica schist .

Likewise^ the hazards of introducing a plethora of new

geographical terms  ̂ and the poisibihtj c f frustra ting  ̂ fs thzr than 

Simpli^ing' stratigraphicai correlation is freely admitted . On the other

hand  ̂ it seems preferable at firs t to be overcautious ^ even 

extravagant in classification rather than to enihu^iasticall^ group

diverse units ; superfluous terms can be S u treguen tl^

abandoned but amalgamated data are more d if fc u lt  to  subdivide.

lerms and classification s Introduced here are therefore, regarded 

3 5  informal  ̂ not inviolate .

j / 2 .  \3QC

\
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ABSTRACT

In south-eastern Finland, lower Proterozoic sediments were strongly deformed and 
metamorphosed to amphibolite facies during the Svecokarelian orogeny approximately 
1.9 Ga. Three early schistosities and associated folds share an enveloping sur­
face parallel to primary lithological layering whereas the six younger groups of 
structures recognized have steep attitudes and zonal distr ibution; only the 
earliest of these younger groups of structures are regionally sign if icant 
in the study area. Deformation commenced with northwards translation of 
thrust nappes onto the adjacent Archaean craton and continued during pro­
grade metamorphism. Internal deformation of the metasedimentary sequence 
became progressively more intense, as recorded by recumbent F̂  and F̂  folds 
and , Sg and schistosities, in particular d iffe rentia tion layering.
Sg development included mylonite formation with local transposition of 
Archaean structures near the basement - cover interface.

Younger deformation is recorded by NW-trending ductile shear zones and minor folds 
(with rarer antithetic conjugate structures) followed by substantially vertical dis 
placements along N-trending normal faults and shear zones. These are intrepeted 
dynamically as recording a progressive relative increase in vertical crustal 
stresses in response to gravitational and thermal disequilibrium induced by 
burial of Archaean basement beneath the earlier nappe structures and/or u ltra ­
metamorphism and accumulation of buoyant magmas in the lower crust.

In spite of this complex structural history, lithofacies investigations were 
practicable and resulted in the recognition of two distinct stratotectonic prov­
inces that represent the deformed remnants of two separate, though possibly pene- 
contemporaneous basins. The more westerly Savo province contains chemogenic and 
mafic volcanogenic lithologies, serpentinites and graphitic metapelites but is 
dominated by monotonous quartz - plagioclase - b io t i te - garnet metapsammites.
Rarely preserved sedimentary structures suggest that these metapsammites 
originated as thick-bedded mass flow deposits in a prograding submarine fan 
setting. Near the present eastern margin of the province, intercalated meta- 
psephites contain exclusively intraformational detritus consistent with deposition 
from debris flows and high-density turb id ity  currents in a submarine canyon or 
channelized inner fan environment. Abundant Na-plagioclase and b io tite  in Savo 
province metapsammites is considered to reflect sediment supply from a re latively 
K-poor terrane rich in chlorite-montmori1lon ite but petrographical cr ite r ia  alone 
cannot discriminate between a possible Archaean provenance (with derivation from 
both greenstones and granitoids) or penecontemporaneous intermediate plutonic or



bimodal volcanogenic sources. Preliminary Nd-Sm whole rock and U-Pb detrita l 
zircon isotopic data indicate however, the likelihood of a sedimentary mixing of 
detritus of both Archaean and lower Proterozoic igneous origin.

In contrast, the Hbytiainen province to the east contains better preserved and 
more diverse primary depositional features, with unambiguous evidence for a more 
local provenance, including Archaean granitoids and gneisses, Jatulian ortho- 
quartzites and penecontemporaneous metabasites. This diversity of source material 
is also reflected in a wider scatter in eNd ratios, including a component from 
penecontemporaneous th o le i i t ic  volcanism derived from a mantle that was REE 
depleted with respect to CHUR.

Near the present western margin of the province, coarse-clastic lithofacies are 
interpreted as proximal, partly channelized prograding fan sequences with several 
fining and thinning upward sequences recognized, passing upward and la tera lly  into 
quartzose metapsammites less diagnostic of a suprafan - middle fan environment. 
Stratigraphical relationships with associated p e l i t ic  and chemogenic lithogies 
are obscure, due to complex deformation but the coarser lithologies may record a 
terrigenous clastic influx prograding across finer-grained and more distal deposits, 
correlating with the upper Jatulian - Kalevian disconformity and facies transition 
widely recognized in eastern Finland.

On the basis of th is dual intrabasinal volcanogenic and Archaean basement provenance, 
the Hoytiainen province precursor is thus perceived as having been a linear intra- 
cratonic trough within a more extensive system of r i f t in g  or fragmentation of the 
Karelian eratonic margin during the period 2.1 - 1.9 Ga. The Savo province pre­
cursor is envisaged as a large submarine fan complex that was evidently flanked 
to the east by the Archaean craton, which locally acted as both depositional base­
ment and source terrain but the ultimate nature and location of provenance for the 
bulk of the sediment remains problematical.

Such en echelon basin development at the craton margin is independent from, though 
compatible with extant and conceivable plate-tectonic paradigms: a geometrical 
analogue for the Finnish Proterozoic is d is t i l le d  from the Neogene of the Australia - 
Banda arc region, incorporating continent-arc collis ion, a curvilinear subduction 
zone trace and transcurrent deformation but i t  is advocated that alternative 
mechanisms to crustal growth involving subduction and fore-arc accretion be con­
sidered tenable until a more comprehensive understanding of Finnish geology is 
achieved.
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PART I : INTRODUCTION



1 OUTLINE OF FINNISH GEOLOGY

Applica tion o f a c tu a l is t ic  p r in c ip les  to the Precambrian o f the 
B a lt ic  Shield was pioneered in  the 1i th o s tra t ig ra p h ic  studies o f 
Sederholm (1899), and the Alpine tec ton ic  concepts introduced by 
Wegmann (1928). In ad d it io n , the major con tr ibu tions o f Sederholm 
(1907) and Eskola (1914) to the understanding o f metamorphism and 
magma genesis derive from th e i r  study o f the Proterozoic rocks of 
south-west Finland. Broadly contemporaneous regional studies in 
eastern Finland (Frosterus and Wilkman 1920, Metzger 1924, Vayrynen 
1928, 1933) established major tec tono -s tra t ig raph ic  subdivisions tha t 
are s t i l l  accepted in sp ite  o f modifications in d e ta i l  (compare reviews 
by Sederholm 1930, Eskola 1963, Simonen 1980 and Laajoki 1983).

From these works an e sse n t ia l ly  t r i p a r t i t e  c la s s i f ic a t io n  of  ̂

the Finnish Precambrian has evolved. The oldest u n i t  is  confined to 
eastern Finland and consists dominantly o f gran ito ids and g ran ito id  
gneisses w ith subordinate areas o f greenstone and metasediment.
Isotop ic  age determinations have indicated a la te  Archaean age but 
the widespread preservation o f unconformably overly ing metasediment 
alone led early  workers to recognize th is  u n it  as the most ancient 
(Figure 1).

The other two subdivisions were o r ig in a l ly  made according to 
contrasts in l i th o lo g y ,  metamorphic grade and s tru c tu ra l s ty le ,  
ra ther than 1i th o s tra t ig ra p h ic  re la t ion sh ips . South-west Finland (and 
the Precambrian o f Sweden), w ith abundant volcanogenic and p lu ton ic  
l i th o lo g ie s  was thus defined as Svecofennian while the metabasites 
and quartz-dominated metasediments occurring as platform cover, on 
the Archaean basement were c la s s i f ie d  as Karelian. When radiometric 
age determinations showed Karelian and Svecofennian p lu ton ic  rocks 
to be broadly coeval and o f ea rly  Proterozoic age (Kouvo 1958),
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the two un its  were amalgamated and renamed Svecokarelian (see Eskola 
1963) although Wegmann (1961) argued cogently fo r  re tention  of the 
o r ig in a l scheme on the basis o f contrasts in tec ton ic  s ty le .  Laajoki 
(1983) also adopted th is  approach in his subdivision o f the Sveco­
karel ian Orogen in to  the Svecofennidic and Kare lid ic  realms.

The only substantia l re-appraisal o f th is  regional p ic tu re  
derives from recent work in north-east Finland and Soviet Kare lia : 
Barbey and others (1984) in te rp re t  an extensive sequence o f high 
grade metamorphic rocks as a d is t in c t  lower Proterozoic orogen e f fe c t ­
iv e ly  b isecting the Archaean craton, and marginally older than Sveco- 
kare lian deformation. Figure 1 ind icates the p r in c ipa l tec ton ic  un its  
o f the central and eastern B a lt ic  sh ie ld  in a generalized manner, 
namely, the Inari-Ko la  and Karelian cratons , o f la te  Archaean age, 
separated from each other by the 2.1 - 1.9 Ga Lappland g ranu lite  
b e l t ,  and flanked to the south-west by the somewhat younger Sveco­
karel ian fo ld  b e l t ;  th is  la t t e r  u n it  is d is t in c t iv e  in lacking 
d e t r i t a l  and iso top ic  evidence fo r  an Archaean basement provenance 
(Huhma 1985).

The t ra n s i t io n  from the Svecokarelian fo ld  b e lt  to the Karelian 
craton records complex deformation, p a r t ic u la r ly  overthrusting 
d irected towards the craton, in places incorporating allochthonous 
Archaean basement (Wegmann 1928, Vayrynen 1939, Park and Bowes 1983). 
Subsequent deformation involved transcurrent shear s tra in  along the 
craton margin w ith abundant syntectonic in trus ion s , inc lud ing Ni - 
bearing mafic to u ltram afic  plutons and plagiogranites (Gaal and 
Rauhamaki 1971, Gaal 1972, Halden 1982). This Svecokarelian oro­
genesis culminated at 1.9 - 1.8 Ga, since when the en t ire  Finnish 
crust has behaved as a s ta b i l iz e d  craton.
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SCOPE OF PRESENT PROJECT

The area chosen fo r  study has afforded the opportun ity  
to examine the t ra n s i t io n  zone between the Karelian craton and 
the Svecokarelian fo ld  b e l t ,  with Archaean basement both unconform­

ably overla in by and te c to n ic a l ly  in te rca la ted  w ith in  
diverse Proterozoic l i th o lo g ie s .  Some of these basement in l ie r s  
were discussed by Eskola (1948) as type examples o f mantled gneiss 
domes. Thus, a major ob jective  o f the p ro jec t has been to examine 
the nature o f Svecokarelian deformation, p a r t ic u la r ly  in the 
Proterozoic cover but also in associated allochthonous basement.
The resu lts  o f th is  s tru c tu ra l analysis are presented and 
discussed in the f i r s t  part o f the thes is , including co rre la t ion  
of s truc tu ra l elements, domain designation, geometry o f major 
s truc tu res , m icrostructura l expression and development, re la t io n ­
ship to metamorphism and f i n a l l y ,  th e i r  kinematic in te rp re ta t io n .

The second part o f the thesis may be treated as a separate 
e n t i ty ,  dealing with l i th o fa c ie s  designation and th e i r  environmental 
in te rp re ta t io n .  Such in te rp re ta t io ns  are as va l id  as the 
sedimentological models from which they derive, ir respec t ive  of 
s truc tu ra l complexity, since they are deduced d i re c t ly  from 
outcrop observations. On the other hand the succeeding section 
discussing s tra t ig ra p h ica l co rre la t io n  o f l i th o fa c ie s  and 
reconstruction of basin morphology very much depends upon a 
thorough understanding of s truc tu ra l geometry. To th is  extent, 
resu lts  of both parts o f the thesis are necessary to produce 
a coherent understanding of the study area as an example of an 
early  Proterozoic cratonic margin basin.

The f in a l  part o f the thesis is  b r ie fe r ,  and more speculative, 
considering the re la t ion sh ip  of the study area to the regional 
development of Finland during the Early Proterozoic.
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3 FINNISH TERRAIN AND MAPPING

Topographical r e l i e f  in  the study area is s l ig h t ,  w ith a base 
level o f 77 m defined by the lakes Orivesi and Pyhaselka and the 
highest points being around 200 m, along a ridge formed by Ja tu lian  
o rthoquartz ite  at K iih te lysvaara . Exposure mostly comprises roches 
moutonnées protruding through g la c ia l deposits and is  ea s ily  located 
due to accurate pos it ion ing  on the Finnish Cartographical Survey maps.

The precis ion o f the 1:20 000 topographic series makes them 
p rac tica l base maps fo r  f i e ld  work, p a r t ic u la r ly  in areas o f low out-

p 2
crop density. Each sheet covers an area o f 100 km and shows 1 km 
grids in red (based on longitude 027° E) and black (based on lo n g i­
tude 030° E). Exposures re fe rred  to in the te x t  are positioned ac­
cording to the la t t e r  g r id ,  using the la s t  two d ig i ts  o f northings 
and eastings respec tive ly , w ith a th i r d  f igu re  more p rec ise ly  defin ing 
outcrop loca tion . For example, the reference ' Pyhaselka 97.4 28.3' 
ind icates an exposure on the Pyhaselka 1:20 000 sheet, w ith in  the 
1 km̂  g r id  having co-ordinates ^97 E and gg28 N. Only the 1:20 000 
sheet boundaries appear prin ted on the accompanying 1:50 000 map of 
the study area but a transparent overlay with a 1 km g r id  is provided 
fo r  ease o f reference to discussed outcrops. A s im i la r  g r id  is  pro­
vided fo r  Map 1 at 1:200000 scale. A l l  place names re ferred to in 
the te x t  can be located on Maps 1 and 2 and appropriate f igu res by 
cross-reference to Appendix 1.

Orientations are given w ith respect to true north on the maps 
and in the te x t ,  and th is  is  v i r t u a l l y  coincident w ith g r id  north. 
During the period o f f i e ld  stud ies, and across the study area 
magnetic dec lina tion  changed from ’**6.5° to '*'8.0° - th is  va r ia t io n
is considered ne g lig ib le  in comparison with tha t o f s tru c tu ra l trend 
at outcrop scale, when combined with measurement errors in using 
a hand-held Brunton compass,
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4. MAJOR GEOLOGICAL ELEMENTS OF THE STUDY AREA

Map 1 shows the geological un its  present in North Karelia and 
adjacent parts o f south-east Finland at a scale o f 1:200 000. As 
mentioned in the preceding section , th is  area straddles the t ra n s i ­
t io n  zone between the Svecofennian fo ld  b e lt  and the Archaean base­
ment o f the Karelian craton. Important features evident on Map 1 
are the lower Proterozoic Ja tu lian  platform deposits unconformably 
overly ing the western margin o f the Archaean basement between K o l i ,  
K iih te lysvaara and V a r ts i la  and the allochthonous basement in l ie r s  
fu r th e r  west, near Joensuu, K o n t io la h t i , Oravisalo and Outokumpu.
This basement overthrusting accompanied deformation o f the Protero­
zoic cover sequences, inc lud ing the northwards t ra n s la t io n  o f the 
Outokumpu nappe, whose trace is  c le a r ly  defined by the d is t r ib u t io n  
o f the se rpen tin ites , metabasites, chemical metasediments and sulphide 
ores of the Outokumpu assemblage (Wegmann 1928, Vayrynen 1939, 

Koistinen 1981). Synorogenic in tru s ive  rocks postdated horizontal 
tectonism in the southwestern part o f the map area, being coeval 
with dextra l NW-trending d u c t i le  fa u l ts ,  in p a r t ic u la r  the Suvasvesi 
and Haukivesi shear zones (Gaal and Rauhamaki 1971, Parkkinen 1975, 
Halden 1982).

The study area i t s e l f  is  re a d ily  c la s s i f ie d  in to  two major 
provinces based on the d is t r ib u t io n  of l i th o fa c ie s  and major s t ru c t ­
ures. The l i th o fa c ie s  of the Savo province in the west are grouped 
in to  s tra to te c to n ic  assemblages, o f which the Pyhaselka assemblage 
is vo lum etr ica lly  the most s ig n i f ic a n t  (Map 2, Map 5). This consists 
dominantly o f monotonous q u a rtz -p lag ioc lase-b io t i t e  metapsammites and 
local metapsephites derived from in tra form ationa l conglomerates. The 
minor occurrences o f metabasite and qu artz ite  in the Oravisalo assem­
blage are associated with allochthonous th rus t schuppen o f Archaean 
basement (Map 2, Figure 2). A small i n l i e r  of Archaean basement is 
also found above the Kettamb th ru s t  zone near Hammaslahti (Map 2,
Map 3).
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The Kettamb th ru s t zone delineates a t least in p a r t ,  the 
boundary between the Savo province and the Hoytiainen province to 
the east, and is  l i k e ly  to continue northwards from the study area 
along the eastern margin o f the Sotkuma basement i n l i e r ,  co n s t i tu t in g  
one of the major s tru c tu ra l features o f North Karelia (Map 1). Within 
the study area, allochthonous Archaean basement is  not present east 
o f the Kettamb th ru s t ;  eastwards from K iih te lysva ara , Archaean base­
ment is  extensively exposed, devoid o f Proterozoic cover but the base- 
ment-cover contact is  a well-preserved unconformity (Map 1, Map 2,
Map 5).

Metasediments o f the Hoytiainen province tend to have be tte r 
preserved deposit!onal s tructures than in the Savo province, a greater 
abundance of metapelite and a lower proportion o f plagioclase to quartz 
in metapsammite s . In ad d it ion , coarse resedimented c la s t ic  deposits 
c le a r ly  ind ica te  a local basement provenance fo r  much o f the province.
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5. GLOSSARY OF SELECTED TERMS

C h ira l i t y  is employed to describe the sense o f displacement 
in  a d u c t i le  shear zone: l e f t -  and right-hand shears have s in is t r a l  
or dextral c h i r a l i t y  respective ly . This is  to d is t ingu ish  such d is ­
placements from the sense o f deformation indicated by the vergence 
of minor structures on recumbent fo lds .

Continuous cleavage i s ,  according to Borrada ille  and others 
(1982), a fo l ia t io n  defined by p a ra l le l  alignment o f mineral gra ins, 
lacking any zonal d is t r ib u t io n  or d i f fe re n t ia t io n  (a t the scale o f 
observation),

Granulation cleavage is  defined by m icrofold axia l planes, or 
zones o f so lu tion  trans fe r truncating  any extant mineral alignment; 
such cleavage tends to be zonal and spaced with e ith e r  d iscre te or 
gradational boundaries between cleavage domains and r e l i c t  micro- 
l i thons.

D if fe re n t ia t io n  layering is  a non-depositional or non-magmatic 
compositional anisotropy ascribed to metamorphic processes, p a r t ic u la r ly  
so lu tion  tra ns fe r .

Facing re la tes to tec ton ic  inversion p r io r  to the fo ld ing  in 
question and is  indicated by va r ia t ions  in depositional or s t r a t i - 
graphical younging: a downward facing fo ld  occurs, fo r  example, 
on the inverted limb o f an F̂  s tru c tu re .

A leucosome is  a l igh t-co lou red  u n it  w ith in  a gneiss or 
migmatite, formed by metamorphic d i f fe re n t ia t io n ,  in s i tu  anatexis 
or e ith e r  concordant or discordant in trus ion  o f fe ls ic  magma.

A 'melanosome‘ is  a dark-coloured u n it  w ith in  a gneiss or 
migmatite, formed by metamorphic d i f fe re n t ia t io n  by e ith e r  concordant 
or discordant in trus ion  o f magma, or as r e s t i te ,  remaining a f te r  the 
ex trac tion  of fe ls ic  magma.
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' Mesosome* re fers to the portion o f rock between any specified 
neosome component, ir respec t ive  o f composition or o r ig in ,  in the 
sense o f Johannes (1983). I t  thus includes both unmodified palaeo- 
somes and modified or r e s t i t i c  components remaining a f te r  metamorphic 
d i f fe re n t ia t io n  or p a r t ia l  melting.

Metapelite is  employed w ith respect to modal grain s ize , as. 
presently observed. Composition is  indicated separately, as in 
calcareous, mafic, s i l iceous or micaceous metapelites.

Metapsammite  re fers  to a rock w ith a sand-sized modal m ineral­
ogy at present, ra ther than a meta-arenite of p a r t ic u la r  composition. 
Where r e l i c t  depositional features are evident, terms such as meta- 
graywacke, m eta tu rb id ite  or o r thoqua rtz ite are used.

Metapsephite re fers  to  metamorphosed ru d ite s , c la s s i f ie d  
according to c la s t type.

A neosome is a component, commonly v e in - l ik e  and discordant,
tha t has intruded in to ,  or d i f fe re n t ia te d  w ith in  a body or rock.

NO : n ico l prisms not mutually orthogonal.

NX : n ico l prisms crossed orthogonally.

PPL: plane-polarized l ig h t .

Assignment o f tec ton ic  tra n s la t io n  d ire c t io n  depends upon 
kinematic in te rp re ta t io n  o f re la tionsh ips between fo ld  hinges and 
extension l in e a t io n  and furthermore can only be established in the 
presence of depositional younging determinations or an obvious, 
asymmetrical décollement.

Vergence re fers to sense o f overturning o f anti forms in re ­
c lined to recumbent fo ld s ,  using minor fold- and cleavage - layering 
re la t io n s h ip s .



FIGURE 1 : MAJOR TECTONIC ELEMENTS OF THE BALTIC SHIELD

Terminology adapted from Simonen (1980), Gaal (1982a) and 
Barbey and others (1984). The term Karelian is  used here with 
reference to tha t part of the Svecokarelian orogen containing 
d e tr i tu s  o f Archaean deriva tion  and allochthonous Archaean 
basement, in contrast to the Svecofennian which has a wholly 
Proterozoic provenance and evolution (Huhma 1985).
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PART I I  : STRUCTURAL INVESTIGATIONS
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1. PROCEDURES IN STRUCTURAL ANALYSIS

1.1 GENERAL METHODS AND LIMITAIONS

Analysis o f s tructura lly  complex terrane requires c a re fu l,  though 
stra ightforward app lica tion  o f simple, well established p r inc ip les  
such as ou tlined by Hobbs and others (1976) and Hopgood (1980). These 
p r inc ip les  include recognition of successive truncating  or over­
p r in t in g  re la tionsh ips  - as ind icated by in tru s iv e  neosomes or 
mineral segregation, growth and re c ry s ta l l iz a t io n ,  - or from de­
formation and displacement o f e a r l ie r  elements, as recorded by fo lds 
and f ra c tu re s .

While these procedures may be applied o b je c t ive ly  to ind iv idua l 
exposures, co rre la t io n  o f s tru c tu ra l sequences between outcrops is  a 
s ta t is t ic a l  ra ther than empirical process; confidence o f such co rre la ­
tions depends upon several fa c to rs .

i )  Abundance of exposures; in an area of good exposure there 
are be tte r opportun it ies fo r  detecting rare s tru c tu ra l elements, or 
documenting geometrical va r ia t ions  o f a p a r t ic u la r  element.

i i )  Abundance and d iv e rs i ty  o f s truc tu ra l fea tures; as the 
range and va r ie ty  o f elements increases, the p ro b a b i l i ty  o f random 
development o f consistent local s tru c tu ra l sequences diminishes.

i i i )  Restricted ra ther than ubiquitous development o f s t ru c t ­
ures; i f  some element is  o f local or zonal expression, then i t s  
absence from some exposures may lead to confusion.

iv )  Variations in s ty le  or geometry o f s truc tu res ; i f  a 
p a r t ic u la r  element shows va r ia t io n  in s ty le ,  i t  may be d i f f i c u l t  to 
recognize at d i f fe re n t  exposures (c f .  Williams 1970). S im i la r ly ,  
d i f f i c u l t i e s  may arise i f  several s tructures o f d i f fe re n t  age 
possesses a lo c a l ly  congruent geometry.
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v) A v a i la b i l i t y  o f iso top ic  age determinations; although these 
resu lts  are also subject to s ta t is t ic a l  un ce rta in t ies , d isc re te , 
la te  stage neosomes are p o te n t ia l ly  valuable as absolute time-markers 
in co r re la t io n .

1.2 FORMAT FOR PRESENTATION OF RESULTS

The foregoing p r in c ip les  and l im ita t io n s  have been applied to 
outcrop mapping in the present study, in inves tiga ting  the de- 
formational h is to ry  of the region. In general, a combination o f poor 
exposure, zonal development and congruent geometry o f superposed 
s tructures has hindered co rre la t io n  such tha t no s ing le  exposure 
was found to record a l l  observed features and re la t io n sh ip s ; in 
p a r t ic u la r ,  overpr in ting  re la t ionsh ips  amongst the younger, zonal 
and weaker s tructures are ra re ly  seen.

Therefore, the s tru c tu ra l section o f the thesis begins w ith 
descriptions o f the more con fiden tly  established and most complete 
local s tru c tu ra l sequences, from which a reg iona lly  corre lated 
scheme is then derived, f i r s t l y  fo r  the Archaean basement (Section 2) 
and then fo r  the Proterozoic cover rocks (Section 3). Following th is  
demonstration of deformational sequence, va r ia t io n  in the nature and 
expression o f each s tru c tu ra l element is  described in turn (Sections 4 
and 5 ) , along with d e f in i t io n  o f regional geological domains based 
on vergence and the d isp os it ion  o f major fo ld  hinges, shear zones or 
th rus ts . Orig in and development o f microstructures is  also considered 
in Sections 4 and 5. Moreover, since metamorphic studies are not a 
major aspect o f th is  study, is  seems most apposite to discuss meta­
morphism in th is  context o f regional deformation and m icrostructura l 
development ra ther than in an independent chapter.

Section 6  concludes the s tru c tu ra l analysis w ith an appraisal 
o f the l i k e ly  kinematic development o f s truc tu res , and an attempt to 
in tegra te  th is  in to  a regional deformational pattern .
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S tructura l data fo r  the whole study area are recorded at 
1:50 000 scale on Map 2, whereas Map 3 presents deta iled observations 
near the Kettamb th ru s t zone at 1:5 000; Map 4 attempts to convey the 
d ispos it ion  and geometry of major structures based on a d im etric  
p ro jec t ion .
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2. STRUCTURES IN ARCHAEAN BASEMENT ROCKS

2.1 CRITERIA FOR RECOGNITION OF BASEMENT

Within the study area, l i th o lo g ic a l  d is t in c t io n s  alone are 
s u f f ic ie n t ly  diagnostic to d is t in gu ish  the schistose metasediments 
o f the cover sequence from the banded m igm atitic  gneisses and 
gran ito ids o f the basement. No evidence fo r  in s i tu  u ltrameta­
morphism of cover rocks ex is ts  and most exposures of metasediment 
reveal some ind ica t ion  o f r e l i c t  depositional laye ring . In ad d it ion , 
the presence o f metamorphosed conglomerates and re go li th s  derived 
from and unconformable upon gneissose l i th o lo g ie s  at K iih te lysvaara 
and Oravisalo a ttes ts  to a s ig n i f ic a n t  in te rva l o f time between 
gneiss development and f in a l  bu r ia l beneath cover rocks. This 
inference has been confirmed by iso top ic  age determinations: zircon 
frac t ions  from gran ito id  gneiss near K iih te lysvaara y ie ld  a U-Pb 
Concordia upper in te rcep t at 2.765 Ga while metabasite dykes in ­
trud ing both gneissose basement and basal cover un its  range in age 
from 2.16 Ga to 2.05 Ga (Pekkarinen 1979a).

2.2 STRUCTURAL SEQUENCE IN SELECTED REFERENCE AREAS

Sequential re la t ionsh ips  o f structures have been established 
in f iv e  places w ith in  the basement of the study area. Although some 
structures are only sporad ica lly  developed, others have been 
corre lated between the f iv e  reference areas with a high degree of 
confidence. For convenience of reference in the fo l low ing  te x t  
descrip tions , numerical subscripts are used that correspond to th is  
f i n a l l y  correlated sequence, ra ther than according to the local 
schemes, but both may be compared in Table 1. Roman numerals are 
given with respect to structures in the basement, to avoid confusion 
with the s tru c tu ra l sequence in cover l i th o lo g ie s  ( fo r  which Arabic 
numerals are used).
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2.2.1 Oravisalo quarry area (Oravisalo 75.7 15.7)

Recent enlargement o f a quarry by the Li peri road, 2 km north 
or Oravisalo post o f f ic e ,  has exposed various fea tures, inc lud ing an 
unconformity between Proterozoic metasediments and the Archaean 
basement (Figure 2). The e a r l ie s t  and most conspicuous s tru c tu ra l 
element recognized in the basement is  a stromatic migmatite banding 
(S j) defined by th in  quartz-fe ldspar leucosomes a lte rna t ing  w ith 
th icke r homogeneous, darker grey mesosomes (Figure 3e, 23b). This 

stromatic banding is  disrupted by minor d u c t i le  th ru s ts ,  (S^^), 
f i l l e d  w ith a s im ila r  leucosome to th a t in S j,  or deformed in to  

in t r a fo l ia l  fo lds w ith  attenuated limbs (F j j )»  (Figure 3e). In t ru ­
sion o f mafic magma probably accompanied or preceded th is  deformation 
and is  recorded by th in ,  discontinuous amphibolite bands broadly 
conformable with the stromatic banding o f S j, Because o f th is  near 
concordance o f neosomes, Sj and S j j ,  a composite S j-S j j  fa b r ic  com­
monly occurs.

Younger structures are only sporad ica lly  developed so tha t 
mutual re la tionsh ips are not c le a r ly  seen. Within the quarry i t s e l f  
occur moderately t ig h t  fo lds ( F j j j )  whose a t t i tu d e  d i f fe rs  from those 
o f F j j  and w ith which are associated quartzose neosomes, but seldom 
any axia l planar fo l ia t io n .  In contrast is  more widespread, and 
p a r t ic u la r ly  prominent near the basement-cover unconformity (Figure 
24 c ) .  Although and Sj are divergent by 20°- 40° a t the uncon­
form ity  i t s e l f ,  elsewhere Sj has been e f fe c t iv e ly  transposed in to  S j^. 
At exposures some 50 m s t ru c tu ra l ly  below the quarry, Sjy records 
intense d u c t i le  s t ra in ,  w ith extreme f la t te n in g  of quartz and fe ldspar 
grains and the development o f quartz-ribbon mylonites. However, 
d if fuse  and anastomosing metasomatic zones, as shown in Figure 3 f  
may be a d i f fe re n t  manifestation o f Sjy in more massive and competent 
l i th o lo g ie s ,  ra ther than belong to a la te r  deformation.

D is t in c t ly  younger structures include a weak N-trending upright 
cleavage (Syj) and a NE-trending fa u l t  (S y j j)  tha t d isrupts basement 
and cover a l ike .
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2 . 2 . 1 1  Kakkari - Vannila area ( Oravisalo 73.16 : 75.17)

The most in formative exposure was found at a small b lu f f  
(Oravisalo 74.3 17.2), showing a range o f l i th o lo g ie s  but which a l l  
show a d is t in c t  stromatic banding, re ferred to S j , and in t r a fo l ia l  
fo lds (Fj j ) ,  which also deform e a r ly ,  broadly concordant metabasites 
(Figure 3 c ) .  In addition there occurs a d is t in c t  mica-free pegmatite 
phase, usually discordant to Sj but containing ind ica tions  o f syn- 
tec ton ic  in trus ion  (Figure 3 a ,b ) .  Sjy is also nearly concordant w ith 
e a r l ie r  s tru c tu re s , but c le a r ly  superimposed, e xh ib it in g  a va r ia t io n  
in  in te n s ity  from quartz-ribbon and blastomylonites (Figure 3 g,h) 
to fo l ia t io n s  defined by syntectonic b io t i t e  c ry s ta l l iz a t io n  
(Figure 3 c ). The only neosomes associated with th is  fa b r ic  are 
sporadic quartz veins (Figure 23 a ,e ) .

2 . 2 . i i i  Archaean basement a t Hammaslahti ( Pyhaselka 95.6 27.0)

A small i n l i e r  above the Kettamo th rus t consists o f stromatic 
gneiss containing some concordant mafic in trus ions . Banding defined 
by a pegmatitic leucosome and gneissosity  is  id e n t i f ie d  as S j. In t ra ­
f o l i a l  fo lds and concordant deformation a t the margins o f metadolerite 
in trus ion  may be defined as F j j  and S j j  s truc tures. A d i f fe re n t ia te d  
metamorphic layering is  developed only at the margins o f the in tru s io n ; 
the central part preserves o r ig in a l tex tu res , or has re c ry s ta l l iz e d  
is o t ro p ic a l ly .

Sjy and L jy are manifest as a discordant s ch is to s ity  and 
mineral elongation l in e a t io n ,  usually  defined by b io t i t e  or amphibole 
growth. I t  is consequently only weakly developed in the massive 
g ran ito id  gneisses or the more competent metadolerite.

Two younger sets o f s tructures have been noted: S^j may be 
described as a weak crenula tion cleavage in the schistose parts o f 
the m etado lerite , or as a crenula tion l inea t ion  in the fe ls ic
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stromatic gneisses. S ^ j j  is represented by a NE-trending fa u l t  zone 
in the metadolerite.

3 .2 . iv  Archaean basement near K iih te lysvaara (V iesimo 16.2 28.7)

Several kilometers east o f K iih te lysvaara , g ran ito id  gneisses 
and stromatic migmatites appear to have a re la t iv e ly  simple s truc tu re  
dominated by leucosomes and concordant gneissose banding (S j) .  These 
are intruded d iscordantly  by numerous metadolerite dykes known to be 
Proterozoic since they also in trude lower Proterozoic o rthoquartz ites 
and arkoses (Pekkarinen 1979a). The dykes contain a NW-trending 
s ch is to s ity  Sy and accompanying metamorphic re c ry s ta l l iz a t io n  which 
is also present as a zonal deformation in the enclosing gneisses, 
p a r t ic u la r ly  those r ich e r  in b io t i t e .

3.2.V Archaean supracrustal rocks a t Sarkilampi 
(Viesimo 17.3 24.0)

Several kilometers south o f K iih te lysvaara , an enclave of 
supracrustal Archaean rocks occurs, w ith metasediments showing w e ll-  
preserved depositional layering (S^). These are folded is o c l in a l ly  
and refolded about more open fo lds w ith  NW-trending axia l planes. 
Fo lia tions to these fo lds are not well developed but pa ra l le l 
in trus ions of tourmaline-bearing pegmatite are boudinaged (Figure 3 d). 
Rb-Sr iso top ic  ages o f 2.63 Ga have been obtained fo r  these, ind ica t ing  
a maximum age fo r  fo ld  i n i t i a t io n  (Pekkarinen 1979 a). These are in 
turn intruded by un fo lia ted  o ligoclase pegmatites.
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2.3 CORRELATION OF STRUCTURES IN ARCHAEAN BASEMENT

In view of the paucity of data and te c to n ic a l ly  d is jun c t nature 
o f basement areas, co rre la t ions  presented in Table 1 should be treated 
cautiously. I t  is nevertheless apparent tha t the dominant fa b r ic  is  
the ubiquitous m igmatitic  or gneissose banding, l i k e ly  to be i t s e l f  
a composite fa b r ic .  I t  is not known whether even e a r l ie r  s tructures 
have been transposed, or ob lite ra te d  by re c ry s ta l l iz a t io n  and 
anatexis or how th is  banding corre lates with the early  structures 
seen in the supracrustal association. S im ila r ly  i t  is  not always 
possible to d iscrim inate between Sj and the concordant neosomes 
defined as S j j .

Sjy is  the only other fa b r ic  cons is tently  observed and i t  is 
p lausib le tha t the presently concordant geometry of Sj and S j j  was 
at least lo c a l ly  accentuated, i f  not induced by transpos it ion  in to  
zones of intense Sjy development. These s truc tu res , p a r t ic u la r ly  as 
expressed at Oravisalo, c lose ly  resemble structures described from 
the Kaavi d i s t r i c t  by Park and Bowes (1983), both in fa b r ic  develop­
ment and tec ton ic  se tt ing  near the basement-cover in te rface .

2.4 RECOGNITION OF SVECOKARELIAN STRUCTURES IN ARCHAEAN BASEMENT

The existence of such younger deformation is apparent from 
two sources, namely, th rus ting  of basement gneiss in to  Proterozoic 
rocks and deformation o f Proterozoic dykes in trud ing  basement.

Within the study area compelling evidence fo r  tec ton ic  in te r ­
ca la tion  o f basement and cover un its  ex is ts  at Oravisalo. The basement 
o f the Oravisalo quarry area is  dissected by several thrusts re lated 
to Sjy and which cause re p e t i t io n  o f the basement-cover in te rface 
(Figure 2 b). A d is t in c t  arcuate topographic depression occurs 
between the quarry area and the Vannila-Kakkari basement to the N 
and may well be the s u r f ic ia l  expression o f a s truc tu ra l or
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l i th o lo g ic a l  boundary between separate basement allochthons (Figure 
2 a). This evidence alone is s u f f ic ie n t  to suggest tha t Sjy formed 
during a la te r ,  d is t in c t ly  independent event but even more convincing 
is tha t Sjy below the unconformity is  contiguous with the major Sg- 
Svecokarelian s ch is to s ity  in  the immediately overly ing metasediment. 
More pronounced Sjy development subjacent to the unconformity probably 
re f le c ts  a v is ib le  increase in muscovite content, ascribed to i l l i te 
formation during pedogenesis (Figure 24 c ).

A d d it io n a l ly ,  equal area projections 2 and 3 in  Figure 5 
i l l u s t r a te  the v i r tu a l  congruence o f the major shape fa b r ic  l in e a t io n  
in juxtaposed basement gneiss and Proterozoic metapsammite s , support­
ing a u n if ie d ,  concurrent fa b r ic  development.

The second source o f evidence fo r  Svecokarelian deformation of 
basement rocks comes from the s tru c tu ra l re la tionsh ips o f early  
Proterozoic metabasite dykes. Many of these d iscordantly  cut base­
ment structures but themselves contain fo l ia t io n s ,  commonly ac­
companied by metamorphic a l te ra t io n .  Zircon populations have yielded 
iso top ic  ages between 2.16 and 2.05 Ga and th e i r  post-Archaean tec ton ic  
se tt ing  is  fu r th e r  demonstrated in tha t they intrude Proterozoic, 
basement-derived orthoquartz ites (Pekkarinen 1979 a). Their presence 
is  therefore convenient in  attempting to d iscrim inate Svecokarelian 
from e a r l ie r  deformations.

NW-trending zones in p a r t ic u la r  show diverse subparalle l 
structures of both Archaean and Svecokarelian o r ig in  in addition to 
the Proterozoic dyke swarms. Further evidence o f the longevity  of 
such features and th e i r  pe rs is ten t reac tiva tion  is  provided by 
Pekkarinen (1979 a ) , re fe rr in g  to a 30 km shear zone with quartz 
veins containing epigenetic U-Th m ine ra liza tion . Uran inite from 
th is  zone has been analysed, and y ie lds  a U-Pb concordia upper 
in te rcep t at 2.34 Ga.
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FIGURE 2 : ARCHAEAN BASEMENT AT ORAVISALO

a 1 : 2 0  0 0 0  scale map showing d is t r ib u t io n  o f l i th o lo g ie s ,  major 
s truc tu ra l features and co linearity  o f the p r inc ipa l tec ton ic  
l inea t ion  in both basement and cover, designated as Svecokarelian 
L^. Stippled pattern denotes b io t i te -p lag ioc la se -g a rn e t meta­
psammi tes (Raakkyla 1i th o fa c ie s ) ; dashed pattern indicates 
quartz-feldspar-muscovite schists (Kankaala 1i th o fa c ie s ) ; 
unoriented v-patte rn represents amphibolite (Oravisalon posti 
l i th o fa c ie s )  while Archaean gneisses are represented devoid o f 
pattern ing,

b Sketch section in the v ic in i t y  o f Oravisalo quarry, showing 
thrusted re p e t i t io n  o f lower Proterozoic unconformity on 
Archaean basement. Depiction o f fo lds in Archaean basement is 
diagrammatic and has no re la t io n  to the northwards vergence o f 
Proterozoic Group 3 thrusts  and fo ld s .
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FIGURE 3 : STRUCTURES IN ARCHAEAN ROCKS

a Sj gneissosity truncated by a s l ig h t ly  discordant neosome 
consisting o f elongate quartz and fe ldspar grains (depicted in 
black and white re sp e c t ive ly ) ,  suggesting in tru s io n  la te  during 
Sj i f  not recording younger deformation. (Oravisalo 74.3 17.2).

b S im ila r neosome to tha t in 'a ' but w ith s im i la r  fo lds occurring 
where pegmatite apparently intruded a t angles more discordant to 
Sj (Oravisalo 74.3 17.2)

c Sj gneissosity w ith  concordant mafic and fe ls ic  laye rs , i s o c l in a l ­
ly  folded in to  F j j  fo ld s ,  w ith development of S j j .  Further 
i r re g u la r  fe ls ic  pegmatites are lo c a l ly  discordant to  both Sj and 
Sj j . Mafic un its  show subsequent re c ry s ta l l iz a t io n  and a b io t i t e -  
defined Sjy sch is to s ity  corre la tes w ith  Svecokarelian in  cover 

l i th o lo g ie s  (Oravisalo 74.3 17.2).

d Banded tourmaline-pegmatite disrupted by boudinage concordant 
w ith  d if fe re n t ia te d  S j j ,  Sarkilampi (Viesimo 17.5 23.8).

e Sj leucosome-mesosome banding displaced along a neosome-filled 
shear ( S j j ) .  I n t r a fo l ia l  F j j  fo ld  at bottom shows a s im i la r  sense 
o f deformation (Oravisalo 75.7 15.8).

f  Anastomosing, d if fu se  metasomatized zones, r ich  in  b io t i t e  and 
sulphide porphyroblasts, regarded as manifestations o f Sjy 
(Oravisalo 75.7 15.8).

g Sjy quartz-ribbon mylonite developed in g ran ito id  gneiss, w ith 
anastomosing m ica-rich seams and r e l i c t  fe ldspar porphyroclasts, 
possibly in  part re c ry s ta l l iz e d  ra ther than merely deformed. 
Natural size (Oravisalo 74.3 17.2).

h Sjy mylonite fa b r ic  superimposed upon e a r l ie r ,  f in e -  to medium- 
grained gneissosity . Natural s ize . (Oravisalo 74.3 17.2).
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3, DEFORMATIONAL SEQUENCE IN PROTEROZOIC COVER ROCKS

3.1 INTRODUCTION

Because no ind iv idua l outcrops were found containing the com­
ple te range o f s tructures observed, i t  has been necessary to derive 
a regional deformational sequence from a combination of the most 
informative and representative exposures ava ilab le  ( typ ica l examples 
o f which are i l lu s t ra te d  in  Figure 4). Consequently, uncerta in ties 
in co rre la t ion  may e x is t ,  as discussed in Section 1, due to super­
imposed congruence or local absence o f p a r t ic u la r  s truc tu res . As a 
re s u lt  o f th is ,  the term 'Group' is  used throughout the te x t ,  ra ther 
than the more usual and precise 'D ^...D ^ ' c la s s i f ic a t io n ,  such tha t 
'Group 3 s truc tu res ' fo r  example, include elements having the same 
fa b r ic  expression, fo ld  s ty le  and geometry as S^ and Fg in exposures 
where the s tru c tu ra l sequence is  em p ir ica l ly  established, but whose 
exact re la tionships to other structures are not everywhere demon­
s tra b le . Use o f upper case is  purely fo r  ease o f reading and is  not 
intended to ind ica te  formalized terminology.

Coincidence o f the Kettamo th ru s t zone and major l i t h o s t r a t i -  
graphic boundaries ju s t i f i e s  a geographical subdivision of the study 
area in to  two major zones - the Savo province in the south-west 
and Hoytiainen province in the north-east. This d is t in c t io n  is  also 
v a l id  in a s tru c tu ra l sense, w ith the two areas e xh ib it in g  s l ig h t  
d ifferences in fa b r ic  expression and s tru c tu ra l h is to ry .  Therefore, 
descriptions o f reference exposures from each province are presented 
separately, deformational sequence in  the Savo province is  considered 
f i r s t ,  as i t  appears both more complete and stra igh tfo rw ard . S tructura l 
sequences fo r  each reference lo c a l i t y  are tabulated and corre lated 
w ith the proposed regional scheme in Tables 2 and 3 (Savo and H o y t ia i­
nen provinces re spec t ive ly ) .  However, throughout the te x t  descrip­
t io n s ,  subscript notation re fers to the f in a l iz e d ,  reg iona l, ra ther 
than local schemes. Table 4 summarizes the s truc tu ra l sequences fo r  
both provinces.
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3.2 SEQUENTIAL RELATIONSHIPS IN THE SAVO PROVINCE

R e lic t  depositional layering is  evident in most exposures and 
is designated S^. Successive deformation of th is  surface at both small 
and large scales is  best displayed near Ukonlahti, on the is land 
Oravisalo but several other lo c a l i t ie s  are also described from which 
overpr in ting  re la t ionsh ips  are c le a r ly  established.

3.2.1 Ukonlahti area ( Oravisalo 73. 18.)

The e a r l ie s t  generation o f fo lds  id e n t i f ie d  are only ra re ly  
seen (Figures 4b,c, 6 h) and are c la s s i f ie d  as F  ̂ since they at 
least lo c a l ly  deform a d i f fe re n t ia t io n  layering (S-j) p a ra l le l to 
(Figures 4c, 6 g). Except where axia l planar to such F^ fo lds
(Figures 4c, 6 g) Sg is a prominent q u a r tz -b io t i te  d i f fe re n t ia t io n  
layering e f fe c t iv e ly  p a ra l le l  to r e l i c t  depositional banding (Figures 
4b, 8 c, 9d), This composite SQ_ ^ _ 2  surface is  deformed in to  open to 
iso c l in a l  recumbent Fg fo lds (Figures 4b, 8 c, 9a,b). Axial planar Sg 
is  observed in more p o l i t i c  l i th o lo g ie s  (Figures 8 c, 9a) but Lg is  
commonly a more prominent fea tu re , defined by elongate knots of 
b io t i t e  (Figure 4c). A l l  these ea rly  fab rics  are deformed by zonal 
NW-trending Group 4 s truc tu res , ty p ic a l ly  minor dextra l shear zones 
(Figure 20a). These are in  turn overprinted by the N-trending 
cleavage (Figure 20a) which is  re la ted to a regional scale re o r ien ta ­
t io n  o f a l l  e a r l ie r  s tru c tu re s , passing through Ukonlahti (Maps 2 
and 4). Sporadically observed younger and weaker fab r ics  are d i f f i ­
c u l t  to constrain sequen tia l ly ; the most frequently  seen is a 
E-trending cleavage, in places axia l planar to open warps.

Apart from quartz veins, the only neosomes seen are pegmatite 
dykes broadly concordant w ith ,  but lo c a l ly  truncating and deformed 
by $ 2  (Figure 13b,d).
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3.2.11 Raakkyla area ( Raakkyla 81. 14.)

In th is  area re la t ionsh ips  amongst early  structures are well 
established, due to s i tu a t io n  in a major Fg hinge zone, Hence, Sg 
d i f fe re n t ia t io n  layering is commonly at a high angle to l i th o lo g ic a l  
layering and the early  d i f fe re n t ia te d  fa b r ic  is  re ad ily  d is t in ­
guishable (Figure 6 a - f ) .  also is  demonstrably independent and cuts 
Fg fo lds (Figure 9 f ) ,  but mesoscopic Fg fo lds and fo l ia t io n s  are 
ra re ly  seen. More open fo lds nearly col inear w ith Lg could be la te  
stage Fg or else Fg fo lds  (Map 4) but otherwise, the only record o f 
younger deformation is  in the form o f N-trending frac tu res and zones 
o f a l te ra t io n  (Figure 20 g ) .

3 . 2 . i i i  Hypdnniemi area ( Varpasalo 6 8 . 19.)

The e a r l ie s t  recognized fo lds are Fg, w ith angular hinges and 
a prominent axia l planar d i f fe re n t ia t io n  layering (Figure 6  h).
Sg is  a less conspicuous fa b r ic ,  usually pa ra l le l to but i t s  
independent o r ig in  can be demonstrated in Fg fo ld  hinges (Figure 9c,e) 
Lg is  a prominent SW-plunging b io t i t e  l in e a t io n  and in Figure 17c is  
c le a r ly  seen to have been disrupted by NW-trending cleavage and 
shear zone development. Although mutual overpr in ting  re la tionsh ips  
have not been found between these and S-SW plunging open fo ld s ,  the 
la t t e r  are regarded as younger, Group 5 structures on the basis o f 
analogy w ith s tructures at Ukonlahti (Map 4). A l l  these structures 
are commonly overprinted by a weak E-trending cleavage axia l planar 
to open fo lds (Figure 6 h); a s im i la r  fa b r ic  trends ESE but mutual 
re la tionsh ips  are not apparent. A l l  e a r l ie r  fab rics  are disrupted 
by small fa u lts  and ve in le ts  s t r ik in g  N and even younger steep 
arrays of fractures or th in  ve in le ts  w ith dihedral angles o f 30°- 50° 
in horizontal exposures (Figure 6 h).
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3 . 2 . 1 V  Ni va - Sammallahti ( Pyhaselka 93.24; 91.20.)

M etape lit ic  l i th o lo g ie s  at Niva sometimes show transpos it ion  
o f  Sq in to  a s l ig h t ly  discordant Sg f o l ia t io n ,  ind ica ting  the presence 
o f inverted Fg fo ld  limbs (Figure 28cd). Metapsammitic schists show 
a more d is t in c t  Sg d i f fe re n t ia t io n  layering characterized by b io t i t e  
- r ic h  fo l ia e  normally p a ra l le l  to depositional layering but sometimes 
d is t in c t ly  divergent. This fa b r ic  is  c la s s i f ie d  as Sg as in places i t  
cuts across an e a r l ie r  but s im i la r  fo l ia t io n  (Figure 26e).

Sg is  recorded in metapelites as a d iscre te crenula tion cleavage 
axia l planar to moderately t ig h t  Fg fo lds with round hinges. Sg in 
metapsammites is  more ty p ic a l ly  a continuous fa b r ic  defined by growth 
o f ind iv idua l b io t i t e  c ry s ta ls .  The Sg crenulation cleavage is  s im ila r  
but generally weaker and d is tingu ishab le  by i t s  steeper axia l plane, 
s t r ik in g  between S and SW, Fg fo lds  tend to be subparalle l to the Lg 
l in e a t io n  defined by elongate aggregates o f b io t i t e .

Weak, la te r  s tructures are sporad ica lly  expressed but only 
ra re ly  can mutual re la t ionsh ips  be ascertained: Figure 2 0 h shows
a weak, d is ju n c t ive  E-trending Sy cut by th in  N-trending ve in le ts  
(Sg), in turn overprinted by E and SE arrays o f frac tures or v e in le ts ,  
c la s s i f ie d  as Sg.

3 . 2 . V  N iit ty la h d e n ra n ta t ie  area ( N ii t t y l a h t i  9 1 . 3 1 . )

Depositional layering is well-preserved and is  lo c a l ly  deformed 
in to  in t r a fo l ia l  Fg fo ld s ,  occasionally w ith transposed hinges. Con­
s is te n t d irec tions  o f depositional younging ind ica te  th a t these are 
minor fo lds on a la rger Fg inverted limb (Figure 5, Map 4) Sg is a 
continuous cleavage or lo c a l ly  a d i f fe re n t ia t io n  layering s l ig h t ly  
d ivergent to and Sg. Fg fo lds are not common but t ig h t  to iso ­

c l in a l  and are cons is ten t ly  downward-facing. S^, Sg and Sg are a l l  
steeply disposed but a younger generally sub-para lle l crenulation 
cleavage (Sg) can sometimes be distinguished (Figure 8 f ) .  Even younger 
is a lo c a l ly  developed NE-trending zonal crenula tion cleavage (Sg).
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3.3 SEQUENTIAL RELATIONSHIPS IN THE HOYTIAINEN PROVINCE

In add ition  to depositional layering being re a d ily  recognizable, 
except in the more schistose metapelites, depositional younging d ire c ­
tions are commonly found, enabling be tte r constra in ts to  be made 
concerning fo ld  vergence and tec ton ic  tra ns la t io n  d ire c t io n  than in 
the Savo province. The area near Kettamonniemi shows most structures 
and th e i r  re la tionsh ips  c le a r ly ,  but observations from several other 
lo c a l i t ie s  are presented, to ind ica te  the regional consistency o f 
s tru c tu ra l parameters.

3.3.1 Kettamonniemi - Suhmura area ( Pyhaselka 95.25,
N ii t t y l a h t i  94.30)

Due to a comparative abundance o f exposures and depositional 
younging c r i t e r i a ,  s tru c tu ra l geometry has been resolved be tte r  here 
than elsewhere and resu lts  are presented at a scale o f 1:5 000 on 
Map 3. The e a r l ie s t  fa b r ic ,  Sg is  seen independently as a d i f fe r e n t ia ­
t io n  layering only in  the hinge zones o f recumbent fo lds (Figures 
7c, 32a,b) but anomalous zones o f inverted depositional grading 
ind ica te  local h ig h -s tra in .  Group 2 structures also include 
is o c l in a l  fo lds and transpos it ion  or other d is ruption  o f sedimentary 
features (Figure 29e, Map 4). shows l im ited  development as a d i f ­
fe re n t ia t io n  layering in metapsammite s , p a r t ic u la r ly  in minor fo ld  

hinges (Figure l id )  but is more ty p ic a l ly  defined by deformation o f 
p re -ex is t ing  elements such as f la ttene d  clasts and transposed l i t h -  
o log ica l boundaries (Figure 14e); in places th is  f la t te n in g  has 
culminated in mylonite formation (Figure 14f).

NW-trending F^ fo lds can be mistaken fo r  F^ normal-limb minor 
fo lds o f s im ila r  trend, except the presence o f a steep crenulation 
cleavage axia l surface shows them to be younger, as does the deforma­
t io n  o f Group 2 and Group 3 m icrostructures (Figures l i e ,  17a, 18a,c). 
Group 5 structures deform these, w ith fo ld  in terference re la tionsh ips  
sometimes seen (Figure 4e, 17e). Sg is a prominent crenula tion cleavage
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axial planar to open fo lds plunging S-SW at gentle to moderate angles 
(Figures 4e, 8 e, 32 f). Apart from sporad ica lly  developed fractures o f 
la te ,  but otherwise uncertain a f f i n i t y ,  the only younger feature 
cons is ten tly  seen is  a weak E-trending cleavage (Sy), in places axia l 
planar to open fo lds (Figure 4h).

3 .3 . i i  Mulonsalo area ( N ii t t y l a h t i  95.37.)

The p r inc ipa l l i th o lo g y  is  a micaceous metapelite, conducive 
to the development o f the zonal but predominant crenula tion cleavage 
(Figures 7a, l i e ,  34 d ,f) ,  Where th is  is  axia l planar to Fg fo ld s ,  Sg 
sch is to s ity  can be discerned p a ra lle l to any r e l i c t  l i th o lo g ic a l  
layering and is o c l in a l F^ fo lds are also seen in places (Figure 7a,b).

Sg is a d iscre te  crenula tion cleavage s im ila r  to Sg (Figure 
19a-f) and where the la t t e r  is  reoriented in to  a steep a t t i tu d e ,  i t  
is  commonly d i f f i c u l t  to d iscrim inate between the two cleavages; 
unequivocal examples o f ove rpr in ting  re la tionsh ips have nevertheless 
been found (Figure I l f ) .  The only younger s tructure  cons is ten tly  
observed in th is  area is  an E-trending crenulation cleavage (Figure 
2 0 f ) .

3 . 3 . i i i  K a l l io ja rv i  area ( Heinavaara 03.32.)

In general a well-developed d i f fe re n t ia t io n  layering p a ra l le l to 
S>Q is present in metapsammites and is  regarded as (Figures 4d, 8 dJ

but since ne ither F  ̂ nor Fg minor fo lds have been found i t  is  
possible tha t the fa b r ic  generally represents composite Sg_2 _g.
However sporadic depositional younging determinations and cleavage 
re la tionsh ips where Sg is demonstrably divergent to S^-Sg ind icate 
the presence o f overturned Fg fo ld s . Mutual overpr in ting  re la tionsh ips 
between a sporadic NW-trending and abundant N-trending crenulation 
cleavages have not been established a t K a l l io ja r v i ,  but they are 
regarded as and Sg respec tive ly , by analogy with Group 4 and 
Group 5 structures at Kettamonniemi. Sg has associated quartz veins
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and is  axia l planar to moderately t ig h t  Fg fo lds (Figure 17h). Younger 
than these structures are NE-trending d is jun c t ive  kink zones and Sg 
crenulation cleavage (Figure 20c).

3 .3 . iv  Hammalahti mine area (Rauansalo 01.28.)

Depositional features are generally well preserved in the 
v i c in i t y  o f Hammaslahti mine and the e a r l ie s t  tec ton ic  deformation 
is  recorded by transpos it ion  in to  Sg, w ith accompanying boundinage 
o f coarse-grained depositional un its  (Figure 37c). Sg is a l i th o lo g y -  
-p a ra l le l  cleavage axia l planar to asymmetrical Fg fo lds w ith h ighly 
attenuated limbs (Figure 11b). Conjugate quartz vein arrays are 
deformed by Sg and in turn truncated by Group 5 veins (Figure 12d).
A NW-trending crenula tion cleavage cu tt in g  Fg fo lds is regarded as 
S4  (Figure 11b) and is  d is t in c t  from N-trending Group 5 structures 
(Figures 1 2 d, 37c). S t i l l  younger are small NE-trending fa u l ts  and 
kinks, commonly with dextral displacement, c la s s if ie d  as Group 6  

struc tures.

3 . 3 . V  Tikkala area (Onkamo 0 4 . 1 7 . )

Group 2  s tructures are manifest as a micaceous d i f fe re n t ia t io n  
layering in metapsammites and boudins developed in th icke r u n its ,  
deformed by Fg and Fg fo lds (Figures 7e, 10a, 12g,h, 38c). Except 
where the Sg s ch is to s ity  is  present, i t  is  d i f f i c u l t  to d iscrim inate 
between Group 2 and Group 3 s truc tu res , with only rare examples of 
Fg fo lds overprinted by Sg (Figure 7 d). Fg fo lds are t ig h t  to iso ­
c l in a l ,  frequently  w ith transposed inverted limbs (Figures 10a, 11a). 
Shear or s l ide  zones, although p a ra lle l to Sg axia l planes, could be 
e a r l ie r  i f  re lated to Group 2 boudins. However, unlike boudins, no 
examples were found o f such shears deformed around Fg fo ld s . I t  is 
therefore possible tha t they are even younger, Group 5 s truc tu res.

The present steep N-trending a t t i tu d e  o f these early  features 
is  a tt r ib u te d  to reo r ien ta t io n  by Group 5 s truc tu res; consequently
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i t  is  d i f f i c u l t  to d is t ingu ish  between Sg and Sg fo l ia t io n s  away 
from Fg fo ld  hinges (Figures 10, 19g, 20d).

3.4 OVERALL STRUCTURAL SEQUENCE DETERMINED FOR THE STUDY AREA

Based on the foregoing local s tru c tu ra l sequences, a to ta l  
s tru c tu ra l scheme has been derived fo r  both the Savo and Hoytiainen 
provinces, and is  presented in Table 4. Figure 4a gives a diagrammatic 
summary o f geometrical re la t ionsh ips . Correlation between the two 
provinces has been made on the basis o f the close correspondence 
amongst Group 3, Group 4 and Group 5 structures in p a r t ic u la r .
V a l id i ty  o f the proposed sequence is  supported, though not proven, 
by s im i la r i t ie s  between these structures and those o f other published 
schemes from elsewhere in Kare lia , considered in the succeeding section, 
Therefore, since mutual ove rp r in t ing  re la tionsh ips amongst the la te r  
and weaker (Group 6  - Group 8 ) structures in the study area are not 
con fiden tly  established, th e i r  sequence has been adopted from the 
l i t e r a tu r e ,  on the basis o f corresponding trends. This procedure 
seems ju s t i f ia b le  in tha t the s tructures are zonal and nearly ver­
t i c a l ,  so tha t th e i r  o r ig in a l trends are un like ly  to have been sub­
s ta n t ia l ly  reoriented. On the other hand i t  may be unacceptable i f  
trends were o r ig in a l ly  c u rv i l in e a r .

I t  is  evident from each of the lo c a l,  as well as the overa ll 
schemes tha t a broad two-fo ld subdivision o f the s truc tu ra l sequence 
is  tenable. That i s .  Group 1, Group 2 and Group 3 structures are a l l  
contained w ith in  an enveloping surface roughly conformable with 
depositional layering and characterized by recumbent fo ld s ,  thrusts 
and penetrative s c h is to s i t ie s . Younger structures in con trast, are 
characterized by more zonal development and upright ax ia l surfaces. 
These empirical d is t in c t io n  are considered s ig n i f ic a n t  in in te rp re t in g  
the deformational h is to ry  o f the region and consequently, the fo llow ing 
discussion o f  the nature and expression o f each group o f structures 
is  subdivided accordingly.



GROUP SAVO PROVINCE HOYTIAINEN PROVINCE

9 E-ESE-trending conjugate fractures and 
veinlet arrays

Not observed

8 So N-trending fau lts , sporadically with 
pseudotachylite

Not observed

7
Sj Weak disjunctive E-trending cleavage 

Fy Open minor folds

Sy Weak E-trending crenulation cleavage

6 Sg Rare NE-dextral faults Sg NE-ENE dextral fau lts and sporadic crenulation 
cleavage and kink zones (sometimes s in is tra !)

5
Sg Weak N-trending cleavage

Fg S-SW-plunging folds and shear zones with 
vertical displacement

Sg N-trending fau lts and shear zones, crenulation 
cleavage, locally  intensely expressed

Fg Dextral minor folds (viewed down plunge) and 
shear zones

4
Weak but widespread NW-trending cleavage

Dextral folds; NW-trending shear zones, 
sporadically conjugate NE-trending zones

Sj NW-trending discrete crenulation cleavage; 
more rarely NE trend.

F  ̂ Dextral folds and occasional conjugate shear 
zones

3

Sg Continuous cleavage, mylonitic thrusts

Fg NNW-NNE verging reclined to recumbent folds. 
Later more open folds

L, Shape-fabric lineation defined-by elongate 
knots of b io tite

Sg Continuous and crenulation cleavages, thrusts

Fg NNW-NNE verging reclined to recumbent folds

Lg Defined by elongate clasts and b io tite -  
porphyroblasts

2

Sp Pervasive quartz-bio tite  d iffe ren tia tio n  
layering, quartz veins

F2  Tight to isoclinal recumbent folds

Sp D ifferentiation  layering, locally  developed in 
metapsammites; narrow slide zones, transposi­
tion and boudinage of Sg

F2  Rare isoclinal folds, with transposed hinges

1
S. Bedding-parallel d iffe ren tia tio n  layering; 

quartz veins

F̂  In tra fo lia l folds

Not recognized

0 Sg Load casts, slumps Sg Load casts, slumps, sedimentary dykes

TABLE 4: CORRELATION OF SVECOKARELIAN STRUCTURES BETWEEN HOYTIAINEN AND 
SAVO PROVINCES.



- 26 -

3.5 DEFORMATIONAL SEQUENCE IN RELATION TO OTHER PARTS OF KARELIA

The complex nature o f  Proterozoic deformation in  Karelia has 
long been recognized. Metzger (1925) and Wegmann (1928) described 
a la te r  upright fo ld in g , w ith  a NNE-trending axia l plane, super­
imposed upon e a r l ie r  NE-vergent rec lined fo lds and th rus ts . In 
add ition  to th is  dominant ea r ly  deformation, Vayrynen (1939), Gaal 
(1964), and Gaal (1972) also id e n t i f ie d  and recognized the regional 
importance o f NW trending d u c t i le  fa u lts  and shear zones, p a r t ic u la r ­
ly  the Suvasvesi and Haukivesi zones (Map 1), aspects o f which were 
studied in  greater d e ta i l  by Parkkinen (1975) and Hal den (1982).

Regional studies stimulated by mineral exp lora tion produced 
integrated pictures o f s tru c tu ra l development to the south-west of 
the present study area, near Savonlinna (Gaal and Rauhamaki 1971) 
as well as to the north , inc lud ing the Outokumpu mining d i s t r i c t  
(Map 1) (Gaal and others 1975, Bowes 1976, Gaal 1977, Koistinen 1981, 
Park 1983, Park and Bowes 1983). The recent review papers by Bowes 
and others (1984) and Park and others (1984) present a regional 
c la s s i f ic a t io n  based on the above studies and th is  scheme may be 
compared w ith tha t o f the present study area in Table 5.

Corre lation o f the s tru c tu ra l schemes is  based on s im i la r i t ie s  
using numerous parameters, p a r t ic u la r ly  in the case o f e a r l ie r  s t ru c t ­
ures. The d is t in c t ,  d i f fe re n t ia te d  nature o f Group 1 and Group 2 
fo l ia t io n s  in the study area and recumbent Fg fo lds compares well 
w ith pre-D^ and structures elsewhere in Kare lia , and the Group 3 
l in e a t io n  defined by aggregates o f b io t i t e  in the study area can also 
be con fiden tly  corre lated with Lg o f Bowes and others (1984). L ike­
wise, the form o f F^ fo lds and the presence of Group 3 mylonites near 
the basement-cover in te rface  at Oravisalo corresponds well w ith Dg 
features north of Outokumpu (Park and Bowes 1983).

Group 4 structures c lose ly  resemble those described as Dg^ by 
Koistinen (1981) and Halden (1981), in having consistent NW trends,
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w ith dextral c h i r a l i t y .  In the study area however, the a n t i th e t ic  
conjugate NE-trend is  d i f f i c u l t  to id e n t i fy  i f  re la tionsh ips  to 
younger s tructures are obscure, since the structures described 
by Bowes and other (1984) share a s im ila r  trend. Group 5 and 
structures also correspond c lose ly  in  geometry, o r ie n ta t io n ,  fa b r ic  
expression and ove rp r in t ing  re la t ion sh ips . M icrostructura l evidence- 
also supports th is  co rre la t io n  o f schemes from the two areas, w ith a 
thermal metamorphic peak indicated between Group 4 - Group 5 and 
Dgc" Dg deformations, respective ly .

Comparisons cannot be re a d i ly  made fo r  younger s tructures since 
no convincing ove rp r in t ing  re la t ionsh ips  have been established amongst 
Group 6  and Group 7 structures in the study area. I t  seems l i k e ly  tha t 
Group 6  s truc tu res , while weakly and ra re ly  expressed in the study 
area are be tte r developed elsewhere in Kare lia . As discussed in 
Section 3.4, co rre la t io n  with the scheme o f Bowes and others (1984) 
has been attempted p r im a r i ly  based on s im i la r i t ie s  in geometry. The 
rare examples of ove rp r in t ing  amongst the weak Group 7, 8  and 9 
structures o f the study area are however consistent w ith the sequence 
proposed from s im i la r i t ie s  in geometry with Dg, Dg and Dy, respective ly,



STUDY AREA . REGIONAL SCHEME OF KOISTINEN (1981), BOWES AND OTHERS (1984)

GROUP 1 pre-D^ Nappe emplacement; segregation quartz veins.

GROUP 2 Isoclinal folds (F\); axial planar metamorphic seg­
regation banding (S^).

GROUP 3 Asymmetrical open to t igh t folds (Fo); axial planar 
schistosity (Sg); thrusts; mylonite-phyllonite in 
S2  transposition; strong mineral lineation (Lg).

GROUP 4 °2C Asymmetrical folds, conjugate in places (F^c); 
crenulation cleavage (Sgg); expression largely con­
fined to major NW-SE-trending wrench-fault zones.

GROUP 5 “ 3 Open, upright N-to NNW-trending folds, commonly asym­
metrical (F3 ); crenulation or fracture cleavage (S3 ) 
and intersection lineation (Lg) develop locally.

GROUP 6 °4 Open, upright NE-trending folds (F^); axial planar 
cleavage (F^); prominent crenulation or rodding (L^) 
in parts.

GROUP 7 °5 Open, upright, E-trending folds (F5 ); axial planar 
cleavage or fractures (Sg).

GROUP 8 Open, upright, N-trending folds (Fg); axial planar 
healed cleavage or fractures (Sg); local pseudo­
tachyl i te .

GROUP 9 °7 Conjugate set of open, upright WNW- and WSW-trending 
folds (Fy)that pass into fractures ( S y ) .

TABLE 5. COMPARISON OF KARELIAN STRUCTURAL SCHEMES.



FIGURE 4: SEQUENTIAL STRUCTURAL RELATIONSHIPS

Schematic depict ion of overpr in t ing re la t ionships observed fo r  
Svecokarelian planar and l inea r  s t ruc tura l  elements throughout 
the study area.

Coaxial fo ld  interference pattern due to t i g h t  F3 re fo ld ing of 
i n t r a f o l i a l  Fg fo lds .  B io t i t e  selvedges enhance l i t h o lo g ic a l  

boundaries para l le l  to Sg and may also represent rare S.j d i f f e r e n t ia t i c  
layering.  S3 axial planar growth is less d i s t i n c t  (Oravisalo 
72.8 11,7).

Hinge zone of mesoscopic Fg fo ld  in metapsammite ,  with axial 
planar Sg d i f f e re n t ia t io n  layering across deposit ional boundary 
and Ŝ  b i o t i t e  fo l ia e .  Elongate knots of b i o t i t e  represent 
superimposed L 3 (Oravisalo 72.1 17.3).

Exceptional ly d i s t i n c t  Sg d i f f e re n t ia t io n  layering in metapsammites, 
deformed in to  Fg fo lds ,  with considerably more attenuation of limbs 
in interbedded laminated metapeli te (Heinavaara 03.7 32.5).

L i tho log ica l  layering and para l le l  S3 are deformed by dextral 
F4  minor folds with NW-trending axial planes. These have been 
refolded by Fg with N-trending upright axial planes ( Pyhaselka
95.6 27.6),

S in is t ra l  Fg folds deform composite Sg-Sg para l le l  to deposit ional 
l a y e r in g .  Curvature of Sg axial plane indicates the presence of 
open E-trending Fy fo ld  (Ni i t t y l a h t i  94.5 31.3).
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4. NATURE AND EXPRESSION OF EARLY, DOMINANTLY LQW-ATTITUDE 
STRUCTURES IN PROTEROZOIC COVER ROCKS

These structures are characterized by enveloping surfaces 
roughly concordant with depositional layering. Younger deformation 
has subs tan t ia l ly  modified the geometry of these older structures, 
but an o r ig i n a l l y  shallow a t t i t u d e  is inferred from r e la t i v e l y  
undisturbed domains between Oravisalo and Nieminen (Map 2 ) ,  and 
the cha rac te r is t ic  s ty le  of  recumbent isoc l ina l  fo lds .

In spite of  t h e i r  near concordance,i t has been possible to 
recognize up to three d i s t i n c t  f o l ia t io n s  and l inea r  fab r ics ,  
lo c a l ly  d ist inguishable on the bases of overpr in t ing c r i t e r i a ,  
fab r ic  d i f ferences, scale of structures and vergence re la t ionsh ips ,  
p a r t i c u la r l y  where deposit ional younging features are preserved.
I t  is emphasized tha t  these d is t in c t ions  are descr ip t ive and 
remain va l id  regardless of whether a l l  three sets of structures 
developed during a single progressive deformation, or under 
completely unrelated stress systems.

Figure 5 shows geographical d is t r ib u t io n  of domains fo r  
Group 1, Group 2 and Group 3 structures recognized with respect to 
normal- or inverted-! imb vergence and major thrusts and fo lds.
Equal area . project ions 1-9 record dif ferences in o r ien ta t ion  
of these structures across the study area - phenomena ascribed to 
younger, post-Group 3 deformation.

4.1 GROUP 1 STRUCTURES

4 . 1 . i  D is t r ibu t ion  and struc tura l  domains

Since they a l l  share nearly concordant enveloping surfaces. 
Group 1  structures have commonly been re c rys ta l l i ze d ,  transposed
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or ob l i te ra ted by superimposed Group 2 and Group 3 fab r ics .  
Therefore, the most sui table place to examine the existence or 
nature of a bedding-paral lel  fab r ic  is in the hinge zone of 
an F2 fo ld ,  where Sg is l o c a l l y  discordant to l i t h o lo g ic a l  
layering (Figure 6 c ,d ) .  A major structure of th is  kind is 
recognized near the v i l la g e  of Raakkyla, trending ENE fo r  more 
than 4 km and indeed i t  is only from th is  p a r t i c u la r  F g domain 
tha t  Ŝ  has been cons is ten t ly  id e n t i f ie d  (Map 2).

4 .1 .Ü  Fabric elements, microstructures and metamorphism

In general, S% is a d i f f e re n t ia t io n  layering with pers is tent 
but anastomosing b io t i t e - r i c h  fo l ia e  up to I cm th ick .  Concordant 
quartz veins are also present and have been recorded elsewhere in 
North Karel ia (Koist inen 1981, Park and others 1984). I t  is 
apparent tha t  the development of th is  layering was very dependent 
upon l i th o lo g ic a l  type, being considerably more d i s t i n c t  in 
th inner, f i s s i l e  un its  than in massive ones (Figure 6 a,b).

Linear fab r ic  elements have not been recognized, except fo r  
the i n t r a f o l i a l  fo ld  evident in f igure 6 b; there is thus no 
ind ica t ion of magnitude of F% structures or t h e i r  vergence. I t  
would indeed be log ica l  to regard these structures as ear ly ,  
anchimetamorphic structures due to l i t h o s t a t i c  load although 
evidence presented by Koistinen (1981) indicates substantial  
tectonic dis locations at th is  stage, namely emplacement of the 
Outokumpu nappe. The study area has yielded no evidence to 
confirm or refu te th i s ,  nor any re l ia b le  ind ica t ion of ambient 
metamorphic condi t ions; the present biot i te-dominated assemblage 
may be a la te r ,  la rge ly  mimetic re c ry s ta l l i z a t io n  from a former 
c h l o r i t e - i l 1 i te-muscovite assemblage.
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4.2 GROUP 2 STRUCTURES

The Kettamô th rus t  zone, defining the boundary between the 
Savo and Hoytiainen provinces may also be used to separate two 
major s t ructura l  domains in which Sg and Fg have somewhat 
d i f fe re n t  development: in the Hoytiainen province, Sg is less 
pervasive and more zonal in d is t r ib u t io n  than in the Savo province.

4 .2 . i  Structura l domains and d is t r ib u t io n  in the 
Savo province

Three d i s t i n c t  domains are recognized, although fo r  much 
of the province, magnitude and vergence of Fg structures is 
la rge ly  unknown. Rare deposit ional younging determinations 
nevertheless suggest tha t  the bulk of the metasedimentary sequence 
is r ig h t  way up and not on the inverted limb of  recumbent Fg 
nappes. Unfortunately, th is  assert ion is d i f f i c u l t  to demonstrate 
unequivocal ly because Sg is e f f e c t i v e l y  para l le l  to l i th o lo g ic a l  
layering over a substantial  part of the province. There are 
however, two areas, designated by cross-hatching in f igu re  5 
that y ie ld  convincing evidence fo r  the existence of major Fg 
s t ruc tu res .

The more westerly  of these domains trends in an ENE 
d i rec t ion  through the v i l la g e  of Raakkyla. No depositional 
younging d i rect ions have been determined but many outcrops show 
very d is t in c t i v e  widely spaced and anastomosing, b io t i t e - r i c h  
cleavage domains at a high angle to l i th o lo g ic a l  layering and 
axial planar to Fg minor fo lds ,  thus ind ica t ing an Fg hinge 
zone of regional s ign if icance (Map 4).

Between the Kettamb th rus t  zone and the shores of  the lake 
Pyhaselka ((Figure 5, Map 2) ,  at N i i t ty lahdenran ta t ie  ( Pyhaselka 
91 .31 .) ) ,  metaturb id i tes y ie ld  consistent downward younging
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determinations with respect to Sg, thus del ineating the inverted 
limb of a major Fg fo ld  nearly 8  km along s t r ike  and at least 
300 m in thickness. South-west of  th is  zone, at Ni va, mafic 
metapel ites may occupy the corresponding hinge zone to th is  
inverted l imb, with normal-l imb vergence indicated by younging 
and cleavage c r i t e r i a  between Ni va and Sammallahti (Figure 5,
Map 2).

I t  is possible that th is  major s tructure is contiguous 
with the Fg hinge domain at Raakkyla but Sg vergence re la t ionships 
are so fa r  lacking from the intervening exposures between 
Nieminen and Sammallahti. In th is  in te rp re ta t ion ,  o r ig in a l l y  
gentle Fg plunges would have been preserved at Raakkyla but 
subsequent, dominantly Fg fo ld ing  would have reoriented Group 2 
structures near Hammaslahti exposing an oblique cross-section 
through the major isoc l ina l  f o ld ,  as depicted in Map 4.

Such a conclusion is of s ign if icance in connexion with 
observations of tectonic  s ty le  at regional scale. Both of the 
major Fg fo ld  sections described have a common posi t ion s t r u c tu ra l l y  
above a major décollement expressing tectonic in te rca la t ion  of 
Archaean basement and Proterozoic cover sequences (Maps 1 and 
2). Elsewhere in North Karel ia, the deformed basement-cover 
in terface reinforces th is  tectonic  sequence, p a r t i c u la r l y  between 
Outokumpu and the western margin of the Sotkuma basement in i  1 er 
(see Gaâl and others 1975, f igures 13 and 26). Simi lar features 
are recognized fu r the r  to the north by Vayrynen (1939), im p l i c i t  
in his d e f in i t io n  of the 'Outokumpu nappe' and the 'Kaavi 
imbricate s t ru c tu re ' .

Throughout the western part of the study area mesoscopic 
Fg folds and associated Sg are sporadical ly  observed but are too 
rare to permit d e f in i t i o n  of any major st ructures. Geometry 
is fu r the r  complicated by superimposed, nearly coaxial Fg and
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and more open fo lds .  In general however, these F2  folds are 
d i s t i n c t i v e  in th e i r  angular p r o f i l e  and in te n s i ty  of axial planar 
$ 2  d i f f e re n t ia t i o n  layering (Figure 6 g,h).

4 .2 . i i  S tructura l  domains and d is t r ib u t io n  in the 
Hoytiainen province

Through most o f  the province i t  is  d i f f i c u l t  to id e n t i f y  
Group 2 s t ructures:  is  only read i ly  d iscern ib le where at  a high
angle to S3  in F3  fo ld  hinges (Figure 7a-c) or as a d i f f e re n t ia t io n  
layering in some metapsammites (Figure 7 f ) .

Two zones o f  Group 2 st ructures are indicated by anomalous 
younging d i rec t ions in metagraywackes above the Kettamb th rus t  
(Map 3, Figure 5). There the upper limb of a younger, F3  s t ruc ture  
includes two narrow, downward-younging zones, ind ica t ing  local ized 
Group 2 ' s l i d e  zones' o f  r e la t i v e l y  high s t ra in .

Depositional younging c r i t e r i a  del ineate an apparently 
extensive inverted F3  l imb in the north of the area at Kumpu ((Map 2) 
Co-ordinates Nii t t y l a h t i  98.37.) This is d i f f i c u l t  to demonstrate 
conclusively , due to the complexity ar is ing  from superposed, coaxial 
F3  and Fg structures but younging reversals of a s im i la r  nature 
some 10 km southwards at Hammaslahti mine (Co-ordinates Rauansalo 
01.28.) l ikewise led Gaal (1977) to deduce the existence of  major 
ear ly  structures. Since Kumpu and Hammaslahti share l i t h o lo g ic a l  
s im i la r i t i e s  in addit ion to being along s t r i k e  from one another, 
they may well form parts of a s ing le ,  complex zone o f  F3  deforma­
t io n .
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4.2.111 Group 2 microstructures and fab r ic  development

The d is t in c t i v e  d i f f e re n t ia t i o n  layering, pa ra l le l  to 
deposit ional banding and axia l planar to Fg fo lds is cha rac te r is t ic  
o f ,  and v i r t u a l l y  unique to Group 2 structures, p a r t i c u la r l y  w i th in  
the Savo province. This layering is evident microscopical ly  as 
al te rnations of domains r icher  and poorer in mica (Figure 
8 a ,c ,d ,e ) .  The l a t t e r  type are interpreted as r e l i c t  micro- 
l i thons approximating o r ig ina l  composition, although re c rys ta l l i z e d ,  
whereas the former are considered to have resulted from the 
preferent ia l  d isso lu t ion  and removal of s i l i c a  in p a r t i c u la r ,  
by so lu t ion - t rans fe r  processes (Will iams 1972, Stephens and 
others 1979). This mechanism implies tha t ,  given s im i la r  external 
condit ions, the development of Sg w i l l  have been l i th o lo g y  dependent 
and is therefore be t te r  expressed in quartz- r ich metapsammites 
than in micaceous metapel i tes. A consequence of th is  is that 
because metapsammitic b io t i t e  schists are the dominant l i th o lo g y  
in the Savo province but subordinate to muscovite-rich metapel i tes 
in the Hoytiainen province, in te n s i ty  of Sg development is i t s e l f  
a useful parameter in d iscr im inat ing between the two provinces.
In addi t ion ,  r e l i c t  depositional features and d e t r i t a l  fabr ics 
are more abundant and be t te r  preserved in the Hoytiainen 
province. The precise reasons fo r  these dif ferences remain 
unclear, but they may r e f l e c t  . regional var ia t ions in heat f low 
or depth of  buria l of the provinces or more local inf luences such 
as contrasts in anisotropy, mineralogy, water content and porosi ty  
and resistance to f ra c tu r in g ,  f a c i l i t a t i n g  or impeding removal 
of components from the s i te  of d isso lu t ion .

4 .2 . iv  Group 2 mineral parageneses and metamorphism

In general, microstructura l  evidence supports in te rp re ta t ion  
of Group 1, Group 2 and Group 3 fabr ics as having developed during 

a progressive metamorphic and deformational continuum. Thus the
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assemblage extant during Sg. formation may be regarded as part
of an overal l  t r a n s i t io n  from a d e t r i t a l  mineralogy - whose
composition is only in ferred - to an extensively re c rys ta l l i zed  
syn- or post-Sg c l imact ic  assemblage.

The Hoytiainen province metagraywackes have s u f f i c ie n t  
wel l-preserved d e t r i t a l  fabr ics  to permit in fe r r in g  of the 
fo l lowing primary mineral assemblage:

+ + +quartz + feldspar + i l l i t e  - c h lo r i te  - c a lc i te  -
Fe-sulphide - hydrocarbons

Apart from the c lay minerals, which presumably dehydrated and 
rec rys ta l l ized  to produce the present muscovite and b io t i t e ,  
and hydrocarbons, now present as graphite, these phases would 
ev idently  have been in equi l ibr ium with syn-Sg metamorphism.
Major processes in fab r ic  development were apparently in t r a -  
granular deformation and solut ion truncat ion of d e t r i t a l  grains 
with remobil izat ion of components in s i tes of r e la t i v e l y  high 
stress (Figure 8 b). Solut ion t rans fe r  was probably effected 
by trapped connate water combined with that released during 
clay dehydration reactions.

With the exception of mica, the only non-detr i ta l  phase 
evident in metapsammites during Sg formation is garnet, although 
even th is  is rare from pre-Sg assemblages in the Hoytiainen 
province. Calcareous concretions in Savo province metapsammites 
show a more diverse mineralogy including the fo l lowing pre-Sg 
assemblage:

ca lc i te  + b io t i t e  + quartz + plagioclase - scapol i te

Alternating laminae defined by microcl ine, graphite and ca lc i te  
abundances occur in the calcareous Mulo l i th o fac ie s  and are 
considered to represent Sg d i f f e re n t ia t io n  layer ing;  none of these 
parageneses seems however, to be p a r t i c u la r l y  diagnostic of 
metamorphic condit ions.
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In the Savo province metapsammites, the predominance of 
b io t i t e  over muscovite probably re f lec ts  more mafic de t r i tus  
such as c h lo r i te  or montmori l Ionite than in the Hoytiainen 
province source material and while r e l i c t  d e t r i t a l  grain boundaries 
are v i r t u a l l y  absent, a primary o r ig in  fo r  the abundant p lag io­
clase is indicated by i t s  f a i r l y  sodic composition: no other 
su itable Na-bearing d e t r i t a l  precursor is read i ly  envisaged.

To summarize, Group 2 microstructures formed during a 
prograde metamorphic event, concomitant with recumbent fo lds 
and thrusts i n i t i a t e d  during the development of Group 1 structures. 
The absence of accompanying plu tonic  rocks at the present erosion 
leve l ,  or volcanic rocks known to be contemporaneous with 
deformation suggests tha t  metamorphism was not, at least in the 
ear ly  stages, p r im a r i ly  due to anomalous increased heat f low. 
Instead, l i t h o s t a t i c  load due to basin f i l l i n g  is  postulated to 
be the i n i t i a l  cause, embracing the t ra ns i t io n  from diagenesis 
to buria l metamorphism. The major Sg d i f fe re n t ia t io n  layering 
was produced at upper greenschist to lower amphibol ite facies 
condit ions during ensuing tectonic  overthrust ing.
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4.3 GROUP 3 STRUCTURES

As with Group 2 s tructures,  there are d is t in c t ions  in s ty le 
that j u s t i f y  separate considerat ion of the Savo and Hoytiainen 
provinces, and the Kettamb th rus t  zone is i t s e l f  correlated with 
Sg. Within both of these provinces, smaller s t ruc tura l  domains 
are recognized and r e la t i v e l y  abundant Sg- Sq re la t ionships and 
younging determinations have resulted in a bet ter  d e f in i t i o n  of 
geometry and vergence than fo r  other sets of st ructures.

4 .3 . i Structural domains and d is t r ib u t io n  in the Savo 
provi nee

Figure 5 shows Group 3 domains on the basis of fo ld  
vergence from which i t  is evident that only local inverted limbs 
ex is t ,  at least in those areas amenable to study. The var ia t ion  
between equal area plots  in Figure 5 is la rge ly  a re su l t  of 
younger deformation with the data from the Oravisalo-Raakkyla, 
Oravisalo basement and Nieminen plo ts recording a t t i tudes  
suf fer ing least from reor ien ta t ion .  In th is  region the Lg b io t i t e  
l inea t ion  shows gentle ENE and WSW plunges but elsewhere i t  has 
a moderate plunge and trends cons is tent ly  between SSW and WSW.

Fg minor folds tend to be para l le l  to th is  Lg l inea t ion  
but at Oravisalo fo r  example, they are commonly divergent, as shown 
in the relevant equal area plots in Figure 5 . In Figure 9d, 

the two l ineations are ac tua l ly  mutual ly perpendicular: Lg has the
same expression and trend as elsewhere, whi le the fo ld  is in ­
dist inguishable from others ascribed to Fg on the bases of s ty le ,  
a t t i tude  and axial planar fab r ic .  Such folds are therefore 
interpreted as la te r  aspects of Group 3 deformation rather than 
assigned to a d i s t i n c t  deformational phase. S im i la r ly ,  large, 
low amplitude folds v i r t u a l l y  coaxial with Lg are recognized 
between Oravisalo and Raakkyla and since they have low-at t i tude 
axial planes, they too are regarded as Tate Group 3 structures (Map 4)
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Various p ro f i le s  of more typica l  Fg minor folds are i l l u s t r a te d  
in Figure 9; these and other such structures, are indicated on both 
Figure 5 and Map 4.

a) The inverted limb of an Fg fo ld  is apparent in the south­
western part of the island Oravisalo, with a broad hinge zone 
several hundred meters in width. Sg is present as a d i f f e re n t ia t io n  
layering in th is  hinge zone, in contrast to i t s  usual occurrence
as a continuous cleavage with a penetrat ive alignment of mica and 
elongate quartz grains. This hinge zone may be traced along the 
western shore of Oravisalo and as such could account fo r  the 
preservation of r e la t i v e l y  abundant Sg-So re la t ionsh ips.

b) Much of the remaining area of Oravisalo shows normal- 
limb vergence with respect to Group 3 structures but two r e la t i v e l y  
narrow inverted-1imb zones are depicted in Figure 5. Each may be 
traced fo r  more than 2  km along s t r i k e  and commonly show a more 
intensely developed Sg f o l i a t i o n  than elsewhere. Such narrow but 
l a t e r a l l y  extensive inve r ted - 1 imbs evidently  belong to a continuum 
of Group 3 st ructures,  ranging in s ty le  from r e la t i v e l y  open re­
cumbent folds to my lon i t ic  thrusts showing considerable duc t i le  
s t ra in  and t ransposi t ion of e a r l ie r  features both in cover and 
Archaean basement l i th o lo g ie s  (Figure 9a,b) .

c) In contrast to Oravisalo, exposures in the Raakkyla and 
Nieminen areas cons is tent ly  show normal-limb vergence, and consider­
ably less evidence fo r  local and zonal intense duc t i le  s t ra in  
ind ica t ing the association of such structures with proximity  to
the basement-cover in te r face .

d) In the north-eastern part of the province,
Group 3 st ructures are not so well defined; r e la t i v e l y  open 
and symmetrical fo lds coaxial with Lg at Sammallahti (Map 2  

reference: Pyhaselka 91.20.) are l i k e l y  to be younger, Fg 
features but th is  has not been s a t i s f a c to r i l y  demonstrated. The
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metasediments adjacent to the Kettamb th rus t  zone have however 
been invaluable in understanding the nature and geometry of Fg 
structures only l i t t l e  affected by younger structures and aided 
by numerous determinations of deposit ional younging d i rec t ion .  
Detai led mapping, presented at 1:5 000 scale on Map 3 has revealed 
the existence of a major Fg fo ld  verging to the NNW whose develop­
ment was connected with tha t  of the Kettamb th rus t  i t s e l f .  Such 
an associat ion between Fg recumbent folds and thrusts  near' the 
basement/cover in ter face shows a s t r i k in g  analogy wi th the 
tectonic  sequence at Oravisalo. I t  is evident from Map 3 and 
the accompanying cross-sections that  the amplitude to wavelength 
ra t io  of th is  s tructure  increases rap id ly  northwards and in a l l  
p rob a b i l i t y ,  the fo ld  terminates or develops in to  a narrow zone 
of high shear s t ra in ,  possibly another th rus t .  The Kettamb thrust  
may also have thus developed from a transposed, Fg fo ld  limb but 
such evidence of  intense duc t i le  s t ra in  is not inva r iab ly  present 
- Figures 7c and l i d  show Fg hinge zones with both axial planar 
Sg and preserved sedimentary structures. I t  is therefore 
reasonable to envisage th is  area in general as displaying an 
anastomosing network of duc t i le  fau l ts  gradational in to  recumbent 
fo lds or as narrow zones of high s t ra in  enclosing le n t i c u la r ,  less- 
deformed un i ts .  Such a pattern of deformation is evident in the 
western part of Map 3, between Pitkanurmi and the farmstead 
'E rk k i l a ' ,  where a narrow inverted limb increases in thickness 
northwards, and thence contracts again in to  a narrow zone of higher 
s t ra in .

The Kettamb th rus t  zone may be extrapolated northwards with 
confidence at least as fa r  as the eastern margin of the Sotkuma 
i n l i e r  - a proposal adumbrated in the studies of Wegmann (1928) 
and Vayrynen (1939). The zone is expected to extend to the SE as 
well but poor exposure and probable displacement across the la te r  
Haapajarvi f a u l t  preclude tracing i t .  The postulated course on 

Map 1 conforms to constra in ts placed by l i th o lo g ic a l  changes in
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the Ladoga area (Hackman 1933) and changes in metamorphic assem­
blage (Korsman and others 1984).

4 .3 .Ü  Structura l  domains and d is t r ib u t io n  in the 
Hoytiainen province

Although Group 3 structures tend to be the most dominant in 
th is  province, uncerta int ies ar ise in the f i e l d  as to whether a 
given structure is  o f  Group 3 o r ig in ,  subsequently reoriented, or 

belongs to an e n t i r e ly  independent, younger deformation. This 
ambiguity is  especia l ly  evident among Fg and Fg fo lds which can 
have s im i la r  s ty le ,  a t t i t u d e ,  vergence and axial planar fabr ics 
(Figure 10). D is t inc t ion  is  most d i f f i c u l t  in the Tikkala and Kukku- 
paa l i th o fa c ies  between Kumpu, Hammaslahti and Tikkala (respective 
map 2 reference: Ni i t t y l a h t i  98.27; Rauansalo 01.28; Onkamo 04.17.) 
and the problem is  fu r th e r  compounded by the complexity of Fg 
structures in th is  region. Nevertheless, four informal Group 3 
domains have so fa r  been id e n t i f i e d  in the province.

a) Below the Kettamb th rus t  and trending pa ra l le l  to i t ,  a 
zone o f  metapsammite about 3 km wide is comparatively well exposed 
and consequently Fg structures have been r e la t i v e l y  well defined.
No younging c r i t e r i a  were found but Sg - Sq and minor fo ld  r e la t i o n ­
ships indicated exc lus ive ly  Fg upper-1 imbs except fo r  a s ing le ,  
narrow inverted limb zone possibly only 1 0 0  m wide and passing 
along s t r ike  in to  a th rus t  (Map 2).

b) Eastwards from the Haapajarvi f a u l t ,  numerous vergence 
and some younging determinations have been made, mostly ind ica t ing  
a posi t ion on upward-facing Fg upper-1imbs. However, exposures 
tend to be too sparse and scattered to permit confident d e f in i t i o n  
of  the scale o f  Fg s tructures.  This d i f f i c u l t y  is exacerbated by
a tendency fo r  F  ̂ and Fg upper limb minor st ructures to show 
congruent trend and vergence in horizontal exposures and common 
reor ien ta t ion  of Fg structures in to  lo c a l ly  intense zones of Fg 
deformation.
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c) Exposures at the Hammaslahti mine and at Tikkala 
rai lway siding a f f i rm  the general observations of zonal and 
var iable s t ra in ,  usual ly  with transposed inverted limbs and 
boudinage of massive layers in sequences with s ig n i f i c a n t  l i t h ­
ological contrasts (Figures 9a and 10 ). Examples where t rans­
posit ion has occurred on normal-l imbs of minor fo lds also ex is t  
( Figure 11 b ) .

A zone of intense shearing is exposed in the open cut at 
Hammaslahti mine and hanging wall col lapse has been a pers is tent  
problem with underground stoping. This zone is part of a Group 3 
f a u l t  system that e f f e c t i v e l y  bisects the Hoytiainen province 
from N to S and which is  evident as a zone of cataclas is on the 
KONTIOLAHTI 1:100 000 sheet (Huhma 1971). The southerly extension 
of th is  zone may coincide wi th the eastern margin of the Tohmajarvi 
volcanic complex; the TOHMAJARVI 1:100 000 sheet (Nykanen 1967) 
and l im i ted  data from th is  study indicate that th is  boundary is 
of shallow dip , consistent with an in te rp re ta t ion  of the meta- 
basite complex as being th rus t  over younger metasediments (Maps 
2 and 4).

d) The region between Hammaslahti and Ki ihtelysvaara has 
not been studied in de ta i l  but younging and fo ld  vergence c r i t e r i a  
in l im i ted areas indicate tha t  here too, inverted Fg limbs are 
present. This is  best seen in road cutt ings at K a l l i o ja r v i  
(Heinavaara 03.7 32.5) and Heinavaara (Heinavaara 09.8 39.4).
The l a t t e r  outcrop is  in close proximity  to Archaean basement but 
along most of th is  zone Proterozoic sediments s t i l l  l i e  with 
o r ig ina l  deposit ional contacts in ta c t  (Pekkarinen 1979a).
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4.3.111 Group 3 structures In rè la t lon  to quartz veins

Although quartz veins have been noted as very ear ly  
structures throughout North Karel ia (Kolstlnen 1981, Park and 
others 1984), t h e i r  major development apparently occurred 
between Sg and S3 formation, with the youngest showing d i s t i n c t  
geometrical re la t ionships to S3 (Figure 12c). I t  Is l i k e l y  
that  these corre la te  In space and time with d i f f e re n t ia t io n  
layering Induced by solut ion t rans fe r  processes, as advocated 
by Beach (1977) and Stephens and others (1979). In view of the 
heterogeneous nature of S3 s t ra in ,  and the existence o f  super­
posed structures. I t  Is d i f f i c u l t  to re la te vein arrays uniquely 
to a single set of s tructures. Therefore, some examples are 
described, but without any attempts to quant i fy  or p a r t i t i o n  
s t ra ins .

Very typ ica l  examples of synrSg quartz veins are shown 
In Figure 12c; such a development appears to re la te  to shear 
zones and minor fo lds at a low angle to l l th o lo g lc a l  layering 
and Sg. A s im i la r  geometry Is evident in Figure 12 a,b and 
Figure 37c where composite Sg - S 3 cleavage bisects the acute 
dihedral angle between conjugate quartz veins. Despite these 
symmetrical re la t ionsh ips ,  coeval and oogenetic development of 
veins and f o l i a t i o n  need not be assumed, nor should overs impl i f ied 
deductions concerning stress systems be made.

Irrespective of  condit ions of o r ig in ,  these conjugate 
veins can nevertheless re l i a b ly  record subsequent deformation. 
Those In Figure 12 a,b and Figure 37c share many geometrical 
features, even though the l a t t e r  has been reoriented Into a 
zone of r e la t i v e l y  high Group 5 s t ra in .  Both exposures show 
upward younging and normal-l imb vergence with respect to an S3  

f o l i a t i o n  which bisects ev ident ly  conjugate quartz-vein arrays.

In both however, deformation of vein arrays as recorded by 

buckl ing and boudinage suggests an opposite sense of vergence to
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that derived from S3 cleavage-bedding re la t ionships.  Simi lar  
observations have been made elsewhere and. In the absence of 
d i s t i n c t i v e l y  superposed structures, Indicate a more complex 
nature than th e i r  geometry would at f i r s t  suggest.

These complex re la t ionships are also well expressed In a 
transposed, F3 1nverted-1Imb at Tikkala rai lway s id ing ,  depicted 
In Figure 10, and Figure 1 2 e-h. Although th in  quartz veins 
are discordant to Group 2 and Group 3 structures In detai l ,  yet 
th e i r  overal l  geometry Is consistent with syn- or la te -  Group 3 
s tructura l  development. In terpre ta t ion  Is fu r the r  complicated 
however, by Group 5 structures being congruent with e a r l ie r  fabrics 
at th is  l o c a l i t y .
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4 .3 .1 V  Group 3 structures in re la t io n  to the 
Varpasalo pegmatite swarm

As metamorphic facies grade increases towards the south-west 
so does the abundance of  In t rus ions.  Within the study area however, 
no l l tho lo g les  have s u f f i c ie n t  neosome to be c la s s i f ie d  as migma- 
t i t e s ,  whether as the products o f  in s i tu  pa r t ia l  melt ing, meta­
morphic d i f f e re n t ia t i o n  or in jec t io n  of  exot ic magma. Instead, they 
occur sporadical ly  as f e l s i c  pegmatites on the island Varpasalo and 
on smaller islands in the channel between Varpasalo and Oravisalo.

Dykes are tabular  or le n t i c u la r  at outcrop scale and vary 
from 5 cm to over 40 in thickness. They are general ly concordant 
with respect to l i t h o lo g ic a l  layering and ear ly  cleavages but 
apophyses are lo c a l ly  discordant to Sg and Fg minor folds (Figure 
13b). Some dykes are coarse-grained and massive, commonly with 
graphic intergrowths of quartz and fe ldspar , as In Figure 13a. More 
usual ly however, some ind ica t ion  o f  f o l i a t i o n  ex is ts  pa ra l le l  to S^; 
th is  lo c a l ly  Imparts a resemblance to augen gneiss (Figure 13d).

The examples i l l u s t r a te d  in Figure 13h may well be represent­
at ive of  general dyke re la t ion s ,  in that  several le n t i c u la r  bodies 
of  pegmatite are confined to d i s t i n c t  l i t h o lo g ic a l  horizons. This 
may suggest an en echelon arrangement analogous to tha t  of quartz- 
vein arrays or a l te rn a t iv e ly  they are re lated to adjacent minor 
fo lds o f  cha rac te r is t ic  F^ form and vergence (Figure 13g,h).

Massive vein quartz Is associated with a number of pegmatites; 
lack of  f o l i a t i o n  may r e f l e c t  ease of  re c ry s ta l l i z a t io n  of quartz 
rather than Indicate th e i r  age with respect to fo l ia te d  dykes. In 
Figure 13h i t  is  unclear which o f  the pegmatite or vein-quartz is 
the e a r l ie r  but the occurrence of  quartz at vein t ip s  suggests i t  
developed a f te r  the pegmatite, during late-stage propagation of  the 
veins. In Figure 13f, there is no such ambiguity and massive quartz 
forms septa- l ike veins approximately perpendicular to the f o l i a ­
t io n ,  and are thus l i k e l y  to be la te  structures.
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4 . 3 . V  Fabric elements and microstructures

The expression of microstructures depends to a large extent 
upon l i th o lo g y .  Thus, in the monotonous metapsammites o f  the Savo 
province, Group 3 textures are t y p i c a l l y  defined by coplanar b i o t i t e  
growth and re c ry s ta l l i z a t io n  but in the Hoytiainen province they 
are more usual ly zonal crenulat ion cleavages. Only in major hinges 
or inverted limbs such as in the south-east o f  the island of Varpa­
salo does Sg show the d i f f e r e n t ia t i o n  layering so cha rac te r is t ic  
o f  Sg. The general congruent geometry of Sg and Sg, combined with 
them both having formed during the same progressive metamorphism, 
can c lea r ly  resu l t  in a composite sch is tos i ty ,  making i t  d i f f i c u l t  
to id e n t i f y  the amount of  grain growth d i r e c t l y  a t t r ib u ta b le  to Sg. 
Hinges o f  Fg microfolds tend to show substantial  deformation o f  the 
pre-ex is t ing  Sg fab r ics ,  wi th only minor amounts o f  e n t i r e ly  new 
and discordant axial  planar grain growth (Figure 8 c). In addi t ion 
to  the alignment o f  b i o t i t e  in higher s t ra in  zones, polygonal 
mosaics of elongate quartz and plagioclase grains show a preferred 
dimensional o r ien ta t ion ,  enhancing anisotropy. Where Sg cuts them 
at a high angle, Sg b io t i t e - r i c h  fo l ia e  may preserve th e i r  overal l  
morphology while ind iv idual  b i o t i t e  grains tend to have t o t a l l y  
recrysta l  1ized with t h e i r  c-axes perpendicular to Sg.

Figure 14 i l l u s t r a t e s  fab r ic  modif icat ion with increasing 
s t r a in ,  fo l lowing a sequence noted at both Oravisalo and in the 
Kettamo th rus t  zone, culminating in highly laminar quartz-r ibbon 
blastomylonites (see Figure 14f).  The f i r s t  noticeable changes 
are a general elongation of  d e t r l t a l  quartz grains in the matr ix 
with an increase in sutured grain boundaries. This is accompanied 
by a highly concordant alignment of  layer s i l i c a te s  and develop­
ment of  mortar texture In response to re c ry s ta l l i z a t io n  at the 
margins of larger d e t r i t a l  grains (Figure 14a).
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Feldspar displays degradation in to  t i n y  sub-grains (Figure 
14c) or the progressive appearance of small I r regu la r  domains of 
quartz as In Figure 14b. This l a t t e r  Is a common feature In 
plagioclase porphyroclasts In the thrusted g ran i to id  gneisses at 
Oravisalo. Extensive re c ry s ta l l i z a t io n  of quartz Into polygonal, 
s t ra in - f ree  grains resu l ts  In a true b lastomylonl t ic  texture but 
anisotropy lsmain ta ined by extreme f la t te n in g  of former feldspar 
grains, which become anastomosing f i lms with no s tra ln-recovery  
r e c ry s ta l l i z a t io n  (Figure 14d).

The L3 l lnea t lon  Is best developed In the Savo province 
metapsammites where I t  Is defined by elongate knots of  b io t i t e  
c rysta ls  (Figure 9d ,p ) .  I t  Is rare fo r  the Indiv idual grains 
to show any dimensional alignment along th is  l lnea t lon  and while 
the aggregates could represent syn-tectonic breakdown of a larger  
porphyroblast ic phase such as garnet, or s ta u ro l l t e ,  there are no 
d iscern ib le r e l i c t s  of these minerals. In metabasltes and 
Archaean gneisses at Oravisalo, th is  L3 l lnea t lon  Is recorded 
as a c-axis alignment of small amphibole grains or as a "rodding" 
e f fec t  defined by var ia t ions In amphibole content.

The same uncerta int ies apply to Iden t i fy ing  microstructures 
In the Hoytiainen province as to major structures - frequently  
congruent S3 - F 3 and S5 - F 5  cleavage s ty les ,  a t t i tudes and fo ld  
vergence reduce confidence In cor re la t ion .  A penetrat ive mica 
alignment Is cha rac te r is t ic  where S3 transposes l i t h o lo g ic a l  lay ­
ering but In laminated metapel l tes S3 Is most t y p i c a l l y  a well 
d i f fe re n t ia te d  crenulat ion cleavage, zonal and d iscre te  In the 
terminology of Gray (1977) and Borradalle and others (1982).
This Is superbly displayed In the metapel ltes I l l u s t r a te d  In 
Figure l i e  where mica-r ich cleavage domains crenulate and truncate 
quartz veins, deposlt lonal layering and Sg (being the ea r l ie s t  
tectonic  fab r ic  Ide n t i f ie d  In the province). Though th icke r  than 
typ ica l  crenulat ion cleavage domains, being up to 7-8 mm In width, 
they appear otherwise analogous to those that Gray (1979) ascribes 
to solu t ion t rans fe r  of quartz and feldspar from tightened buckle
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fo lds. Accurate and consistent d is t in c t io n  between such s im i la r  
Group 3 and Group 5 structures Is only possible where Is 
superimposed at a divergent trend, as In Figure I l f  or where 
post - $ 3  b i o t i t e  porphyroblasts are deformed by (F lgu re lS h ) .

4 . 3 . V 1  Mineral parageneses and metamorphism In the 
Savo province

No mineral textures provide compelling evidence fo r  separate 
metamorphic events connected with Sg and S3 formation, but In the 
Savo Province metapsammites, garnet porphyroblasts record the 
re la t ionship  of metamorphism to S3 development. Figure 15 a,b shows 
post-Sg garnet growth with porphyroblasts free from a l l  but quartz 
Inclusions. No r e l i c t  e a r l i e r  fabr ics are d iscern ib le and in rims 
(Figure 15a)inclus1ons of any kind are uncommon. Rims also appear 
to have been more res is tan t  to breakdown, giv ing r ise  to a very 
cha rac te r is t ic  ' a t o l l '  form In al tered grains (Figure 15c).
Garnet breakdown has In places progressed even fu r the r  towards 
to ta l  replacement, as shown In Figure 15d,e. These pseudomorphs 
do not have any wel l -o r ien ted fa b r ic .  In contrast to the Sg-Sg 
enveloping f o l i a t i o n ,  and I t  Is therefore Inferred tha t  garnet 
breakdown was a post-kinematic phenomenon with respect to S3 . 
Usual ly, pseudomorphs contain the fo l lowing mineralogy;

b i o t i t e  + quartz + plagioclase + f i b r o l l t e  ± prismatic
s l l l lm a n i te  - opaque grains.

Each of these phases appears also to have been In microstructural 
equi l ibr ium with garnet p r io r  to I t s  breakdown except fo r  s l l l l -  
manlte, though th is  has ev idently  c rys ta l l i zed  In equi l ibr ium 
with b io t i t e  In the pseudomorphs (Figure 15 e).

Garnet breakdown 1s here Interpreted as a prograde reaction, 
with the local formation of s l l l lm a n i te  during the post-Sg thermal 
metamorphic peak. Figure 16 Indicates that th is  was more prevalent 
In the south-west of  the study area; elsewhere garnets ev idently  
coexist with the c l imact ic  assemblage thus :

quartz + Na-plag1oclase + b i o t i t e + muscovite *  garnet ± 
hornblende t  ca lc l te .
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At Ni va, at the eastern margin of the Savo province, 
mafic and calcareous metapel l tes show Sg d i f f e re n t ia t io n  banding 
(defined by a l te rnat ions of quartz and b io t i t e  with aggregates 
of very f ine-gra ined muscovite) overgrown by b io t i t e  porphyroblasts, 
some of which are oriented In S3 . Most diagnostic of  these 
l i tho log les  Is however, a d i s t i n c t  post-Sg growth of rosettes and 
brush- l ike aggregates of a c t ln o l l t e  and small (0.5 mm) porphyro­
blasts of c h lo r l to ld  (Figure 18 g). This assemblage Is considered 
here to represent a somewhat lower peak of metamorphism at Niva 
than In the region of garnet breakdown, though s t i l l  w i th in  the 
amphlbol lte fac ies. Whilst th is  widespread post-Sg porphyroblast 
growth Is In general taken to Indicate restora t ion of  a thernal 
equi l ibr ium with respect to crustal depth, the foregoing 
observations also af ford ev idence of la te ra l  thermal gradients 

across the study area. This is not a t t r ibu ted  to late-orogenic 
d i f f e re n t ia l  u p l i f t  but to abundant post-Sg and In part syn-S^ 
pluton emplacement south-west of the study area, as establ ished 
by Gaal and Rauhamaki (1971) and Halden (1982). Metamorphic 
grade Is known to continue to Increase In th is  d i rec t ion  from 
b l o t l t e - s l l 1Imanlte-quartz assemblages to K-feldspar-s111Imanlte- 
ga rne t-co rd le r l te gneisses; In the l a t t e r  case, garnet and 
co rd ie r l te  occur In mutual equi l ibr ium (Korsman and others 1984). 
These studies by Korsman (1977) and Korsman and others (1984) 
have also c le a r ly  del ineated thermal metamorphic domes over­
p r in t ing  ear ly  deformatlonal features, again consistent with a 
post-Sg metamorphic peak.

4 . 3 . V 1 1  Mineral parageneses and metamorphism In the 
Hoytiainen province

The widespread preservation of deposlt lonal features 
Immediately suggests a lower degree of metamorphism than Is seen 
In the Savo province, with less re c ry s ta l l i z a t io n  or grain growth 
and evident s t a b i l i t y  of much of the d e t r l t a l  mineralogy
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(Figures 42,43). In the Hoytiainen province, metapsammites, i n ­
cluding metagraywackes are devoid o f  garnet, except adjacent to the 
Archaean basement (Nykanen 1971a, Campbell and others 1979, 
Pekkarinen 1979a). Typical syn-Sg assemblages appear to be of

quartz + muscovite + b io t i t e  +_ feldspar + sulphide
+ graphite + c a lc i te .

At Rei jo la  (Map 2 reference: Ni i t t y l a h t i  91.38), several ki lometers 
east of  the Kettamo th rus t  zone, syn-Sg porphyroblasts resembling 
co rd ie r l te  were found in quartz metapsammites, but nowhere else 
was i t  i d e n t i f ie d  with confidence.

Metapel ltes in the eastern part of  the province frequently  
show spectacular post-Sg porphyroblasts, up to 25 cm in length, 
of s ta u ro l l te ,  andalusite and less frequently  garnet (Nykanen 
1971a, Campbell and others 1979, Pekkarinen 1979a). This 
probably resu l ts  from local compositional p e c u l ia r i t i e s ,  but 
Nykanen (1971a) also considers I t  l i k e l y  that  the porphyroblasts 
grew during contact metamorphism surrounding la te  tectonic 
gran i to id  In t rus ions,  p a r t i c u la r l y  near Tohmajarvl. The 
mineralogy Is recognized by Korsman and others (1984) as 
recording a d i s t i n c t  metamorphic m i l ieu ,  the boundary of which 
appears to correspond to the postulated south-easterly  continuation 
of the Kettamo th rus t  zone.

Between Hammaslahti and Tikkala, metagraywackes sporadica l ly  
contain ch lo r l te -m uscov l te -b lo t l te  pseudomorphs a f te r  s ta u ro l l t e ;  
th is  replacement was ev idently  post-Sg but how much la te r  Is not 
clear (Figure 18e). The sample I l l u s t r a te d  Is also very r ich In 
t remol l te  which has overgrown Sg fabr ics and forms rosettes and 
symplectic Intergrowths with quartz. Dimensional alignment of 
deformed s ta u ro l l te  pseudomorphs w i th in  the axial planes of Fg 
fo lds suggest tha t  s ta u ro l l te  i n i t i a l l y  c rys ta l l i ze d  p r io r  to or 
during Sg formation.
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Between the Kumpu-Hammaslahti-Tikkala zone and the Kettamo 
th rus t  zone, metapel l tes contain b i o t i t e  both w i th in  S3 and as a 
la te r  unoriented porphyroblast ic  growth. This again provides 
evidence fo r  the thermal metamorphic peak being younger than S3 

development, but preceding Sg formation, which Is seen In general, 
to deform porphyroblasts (Figure 18h).

The same conclusions are supported by the presence of post-Sg 
tremol l te  porphyroblasts In calcareous metapel ltes at Mulo (Map 2 
reference: N 1 i t ty la h t i  90.36). The spectacular, unoriented crysta ls  
overgrow and enclose the e a r l i e r  d i f fe re n t ia te d  fab r ic  consist ing 
of  the assemblage

microcl lne + c a lc l te  + graphite + py r rho t i te  - chalcopyrl te
-j- ^  -J* ^
- py r i te  - sphene - sphaler i te  - c h lo r i te  - quartz -
plagioclase.

These p a r t icu la r  g raph i t ic  schists are In fac t  some of 
those from which derived the postulate of grain growth In h ib i t io n  
In the presence of graphite (Eskola 1963). While conceivable 
that  ca lc l te  or dolomite growth was Impeded due to buffer ing 
between carbonate and reduced carbon, the examples shown In 
Figure 18b,c,d do not appear to Indicate in h ib i t i o n  of e i ther  
tremol l te  porphyroblastesis or Sg-Sg d i f fe re n t ia t io n  layering.
On the other hand the low s i l i c a  and mica content may have 
affected metamorphic grain growth. Furthermore I t  Is l i k e l y  
that  In addi t ion to HgO, other molecular f l u i d  phases would have 
been Important, such as CO, COg, Og, HgS, Sg and CH^, creating 
the potential  fo r  h ighly  complex and buffered reactions. There 
are textura l  Indicat ions In support of th i s ,  such as the K- 
feldspar rims surrounding py r i te  and pyr rho t i te  grains (Figure 18c), 
K-feldspar overgrowths rqsembling that  in drusy cav i t ies  
( FigurelSd) and K-feldspar 'shadows' f r ing ing  py r rho t i te  grains 
that have ev idently  c ry s ta l l i ze d  w i th in  syn-Sg or younger 
ca lc l te  veins.
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4 . 3 . v i i i  Concluding remarks on Group 3 fab r ic  development

Differences between Group 1 ,2  and 3 fab r ic  development and 
expression are ascribed to var ia t ions in stress d is t r ib u t io n ,  
s t ra in  rates and changing rheologles of rocks as they deformed 
under condit ions of prograde metamorphism. Deformation I t s e l f  
could have In d i re c t l y  Inf luenced mineral assemblages by Increasing 
l l t h o s t a t i c  load and thus rate of pressure Increase with respect 
to temperature. I t  Is fu r th e r  surmised that  whatever thermal 
anomalies may have existed during sedimentation or Inst igated 
deformation, a period of apparently rapid basin f i l l i n g  fol lowed 
by essen t ia l ly  overthrust deformation would lead to depressed 
geothermal gradients. Restoration of a 'normal' crustal P-T 
regime was ev ident ly  attained a f te r  Sg and hence a f te r  the bulk 
of crustal ' th ickening '  or ' load ing ' .  I t  may be therefore that 
the presently observed microstructures derive from essen t ia l ly  
continual re c ry s ta l l i z a t io n  and modi f icat ion of progressively 
evolving, dynamic fab r ics .  The products of certa in aspects of 
deformation survive, fo r  example Sg d i f fe re n t ia t io n  layering or 
Sg blastomylonites because they formed by d is t in c t i v e  processes 
other than the small scale Intergranular adjustments such as 
grain boundary re c ry s ta l l i z a t io n  or d i f fus ion .



FIGURE 5 : GROUP 1, GROUP 2 AND GROUP 3 STRUCTURAL FEATURES

Diagram gives location of  major Fg hinge zones and inverted limbs 
and major Fg folds fo r  which inverted limbs are of  more re s t r ic ted  
development. Trajectory  of  Lg is  also shown and equal area plots 
1 - 9 ind icate a t t i tudes  of  Group 1 - Group 3 structures from 
representat ive domains affected to varying degrees by reor ien ta t ion  
during younger deformation. These domains do not exactly coincide 
with the reference l o c a l i t i e s  upon which s t ruc tu ra l  sequence is 
based (Section 3).

p
Grid coincides with 1:20 000 sheet boundaries (sheet area = 100 km ) ; 
names of  map sheets are underl ined and in lower case.
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FIGURE 6: GROUP 1 AND GROUP 2 STRUCTURES IN THE SAVO PROVINCE

Broad, d i f fuse Sg d i f f e re n t ia t io n  banding at high angle to r e l i c t  
depositional layering (Sq). Sg is weaker in th inner deposit ional 
un i t  (below compass) but a s l i g h t l y  obl ique Ŝ  sch is tos i ty  is 
well expressed, defined by anastomosing b i o t i t e - r i c h  fo l ia e .
Small dark blebs in metapsammite at top r ig h t  are knots of  b i o t i t e ,  
elongate in Lg (Oravisalo 79.8 12.8).

Si b io t i t e - r i c h  fo l ia e  and quartz veins, subparal lel  to 
depositional layering and disp laying i n t r a f o l i a l  Fi fo ld  at lower 
l e f t .  Faint Sg d i f f e re n t ia t io n  banding is evident in upper, 
massive u n i t ,  almost perpendicular to Sg (Oravisalo 79.1 12.9).

Well-defined Sg axial planar to Fg minor folds that  have deformed 
deposit ional layering and local Si b i o t i t e - r i c h  fo l ia e  
(Oravisalo 79.8 12.7).

Fg minor fo lds with d i f fu se ,  fanning Sg fo l ia e  in hinge zones 
Ear l ie r  Si fab r ic  is evident, modifying deposit ional layering 
( S g ) .  Lg is seen as small blebs of b i o t i t e ,  p a r t i c u la r l y  at top 
l e f t  (Oravisalo 79.8 12.7).

Sg d i f fe re n t ia t io n  layering axial planar to Fg fo ld .  Form of 
composite Sg-Si surface is indicated by le n t i c u la r  c a l c - s i1icate 
l i tho lo g y  (Oravisalo 77.8 11.5).

Detai l  of fo ld  in ' e ' showing nature of  Si b i o t i t e  fo l ia e  s l i g h t l y  
obl ique to Sg (Oravisalo 77.8 11.5).

Discrete b i o t i t e  fo l ia e  defin ing Sg d i f f e re n t ia t i o n  in mesoscopic 
fo ld  hinge. E l l i p t i c a l  pods at bottom r ig h t  are presumably 
transposed, disrupted re l i c s  of a calcareous layer or concretion 
(Oravisalo 72.1 17.3).

Sg axial planar to Fg folds deforming l i t h o lo g ic a l  layering and 
gently warped about open F; fo lds .  S t i l l  younger f rac tu re ,  or th in  
vein arrays occur but have not been c la ss i f ie d  in the numbered 
s truc tura l  sequence (Varpasalo 67.7 20.2).
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FIGURE 7: GROUP 2 STRUCTURES IN HOYTIAINEN PROVINCE

Anastomosing Sg d i f f e re n t ia t io n  layering in metapel i te, crenulated 
by intensely developed S3 (N i i t t y l a h t i  94.8 37.3).

Interference pattern produced by Fg and steep crenulat ion cleavage 
Sg superimposed upon Fg fo ld  (hinge almost w i th in  plane of 
exposure) (Ni i t t y l a h t i  94.8 37.3).

In hinge zone of recumbent Fg fo ld ,  Sg is only expressed as fa in t  
l ight -co loured streaks at r ig h t .  Development of Sg d i f f e re n t ia t io n  
layering has been 1 ithology-dependent and f a i l s  to cross from the 
metagraywacke at l e f t  in to  the overly ing bed (younging at  r ig h t  
indicated by basal load casts) ( Pyhaselka 95.2 27.4).

Metapsammite layer transposed in minor Fg fo ld .  Sg zonal 
crenulat ion cleavage is expressed in in terca la ted metapeli te and 
shows opposite vergence with respect to Sq. Sg is in turn 
crenulated by weaker N-trending Sg (Onkamo 01.2 17.5 ).

With Sg cleavage almost perpendicular, e a r l i e r  deformation can 
be id e n t i f ie d  by boudinage and transposi t ion of sedimentary 
structures in addit ion to Sg fab r ic  development ( Rauansalo 
00.5 24.1).

Sg d i f fe re n t ia t io n  layering and i n t r a f o l i a l  Fg fo lds more 
d i s t i n c t  in quartz- r ich layers than in interbedded metapeli te 
(Valkeasuo 17.4 18.9).





FIGURE 8 : GROUP 2 MICROSTRUCTURES

Scale bar represents 1 mm

Sg d i f fe re n t ia t io n  layer ing,  defined by a l te rna t ing  quartz- 
r ich and micaceous domains. Small mica grains obl ique to th is  
layering do not necessar i ly belong to a younger, c ross-cut t ing 
fab r ic  but might have grown with Sg in such an a t t i t u d e ,  analogous 
to larger scale cleavage re f rac t ion  in competent units  
(Valkeasuo 17.4 18.9). PPL.

Metagraywacke with deformed quartz grains and mica-r ich, 
discontinuous Sg cleavage domains (N i i t t y l a h t i  98.2 35.9). PPL.

Sg d i f f e re n t ia t io n  layering deformed in to  Fg micro fo ld. Sg 
axial plane contains only a l i t t l e  new grain growth (Oravisalo
75.7 15.8). PPL.

Sg or Sg d i f fe re n t ia t io n la y e r in g  with anastomosing b i o t i t e -  
muscovite domains subparal lel  to deposit ional layering. In 
darker, f ine-grained band Sg crenulat ion cleavage is  d i s t i n c t  
(Heinavaara 03.7 32.5). NO.

Composite Sg-Sg d i f f e re n t ia t i o n  layering with sharply defined 
mica-r ich cleavage domains. Fg microfolds have an axia l planar 
growth of f ine-grained mica that d i f fe rs  from the typ ica l  Sg 
crenulat ion cleavage domain (N i i t t y l a h t i  94.4 31.3). PPL.

Sulphide grains are obl ique to but not necessar i ly  younger than 
composite Sg-Sg continuous cleavage in metapel i tes. Their 
d is t r ib u t io n  appears to have located the nucléation of  F4  or Fg 
microfolds and d isc re te ,  zonal crenulat ion cleavage domains 
(N i i t t y l a h t i  91.3 31.8). NO.
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FIGURE 9: GROUP 3 STRUCTURES IN SAVO PROVINCE

a Disharmonie recumbent Fg fo lds deforming metapsammite, with
axial planar Sg most conspicuous in more f i s s i l e ,  metape l i t ic  
in te rca la t ions  (Oravisalo 74.2 17.5).

b Isoc l ina l  recumbent F^ fo ld  associated wi th underlying duc t i le
zone deforming Sq^^ (Oravisalo 73,9 17.5),

c Rel ic t  deposit ional layering with subparal lel  Sg b i o t i t e  fo l ia e
and quartz veins deformed in to  a ty p ic a l ,  disharmonie Fg fo ld  
(Oravisalo 70.6 19.8).

d Minor Fg fo ld  showing inverted-! imb vergence and Lg shape
fab r ic  l inea t ion  perpendicular to fo ld  hinge (Oravisalo 74.7 
18.8).

e Minor Fg folds oblique to l i t h o lo g ic a l  banding and subparal lel  Sg
f o l i a t i o n ,  with in c ip ie n t  transpos i t ion  o f  c a l c - s i 1 icate lenses 

(Oravisalo 70.6 19,8),

f  I r re g u la r ,  d i f fuse  leucosome with th in  seams r ich  in b io t i t e
porphyroblasts and sulphide minerals, transecting the main 
gneissosity  (Oravisalo 75.7 15.8).





FIGURE 10 : STRUCTURES AT TIKKALA RAILWAY SIDING

a Outcrop map showing complex Group 2 and 3 déformation inc luding 

t i g h t  to isoc l ina l  fo ld s ,  boudinage of  metapsammite un its  
and t ranspos i t ion ,  subsequently disrupted by subparal lel  
Group 5 structures. Some veins re la te  to th is  la te r  event 
but the ma jo r i ty  are probably late-stage Group 3 s tructures.

b Diagrammatic example showing how i t  is  possible to d is ­
criminate ear ly  fo lds i f  hinges remain at a high angle to 
superimposed structures.

c Diagrammatic example of  the s i tua t ion  at Tikkala i l l u s t r a t i n g  
the d i f f i c u l t y  in d iscr im inating between new structures and 
reor ien ta t ion  of  e a r l i e r  s tructures.
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FIGURE 11: GROUP 3 STRUCTURES IN THE HOYTIAINEN PROVINCE

Inverted limb of Fg fo ld  with transposi t ion of load cas ts  at 
base of graded metatu rb id i te  (Onkamo 04.6 17 .5) .

Heterogeneous s t ra in  in metagraywacke and metapel i te , recorded 
by local ized Sg truncat ion and transposi t ion of Fg or e a r l i e r  
minor fo ld ,  wi th la te r  S4  crenulat ion cleavage and quartz vein 
perpendicular to Sg (Rauansalo 02.4 28.2).

Isoc l ina l  Fg fo lds with prominent axial planar Sg, warped and 
crenulated by NE-trending Sg or conjugate S4  crenulat ion cleavage 
(N i i t t y l a h t i  92.5 35.2).

Axial planar Sg d i f f e re n t ia t i o n  layering in fe ldspath ic  
metagraywacke, with transpos i t ion  of basal load casts 
(Pyhaselka 95.5 27.2).

Group 2 quartz veins subparal lel  to deposit ional layering buckled 
and truncated during Sg zonal crenulat ion cleavage development 
(Ni i t t y l a h t i  94.8 37.3).

Thin, d iscre te  Sg crenulat ion cleavage domains separating l i thons  
with r e l i c t  e a r l i e r ,  presumably Sg cleavage. At bottom l e f t  
weaker, Sg crenula t ion cleavage is  v i s i b l e .  Approximately 
natural size (N i i t t y l a h t i  94.8 37.1).
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FIGURE 12: QUARTZ VEINS IN RELATION TO GROUP 3 STRUCTURES

a,b  Probable syn-Sg or e a r l ie r  conjugate vein array, with acute 
b isec t r ix  subparallel  to Sg. Left -d ipping veins are lo c a l l y  
buckled and r igh t -d ipp ing  veins tend to be discontinuous, 
suggesting continued deformation a f te r  vein development 
(Pyhaselka 94.3 28.8).

c Typical angular, discontinuous quar tz- fe ldspar vein development
w ith in  Sg duc t i le  th rus t  or shear zone (Oravisalo 74.6 19.3).

d Two generations of quartz veining: on e i the r  side o f . the
compass veins coeval with or antedating Sg occur. The th icker  is 
conformable with Sg and boudinaged and to i t s  l e f t  occurs a 
mesoscopic Fg fo ld .  Al l  are truncated by an undeformed, almost 
perpendicular vein that apparently consists of a series of 
en echelon segments. These are perpendicular to both L5  and 
S5  (Rauansalo 01.8 28.6).

e , f  In metagraywackes, syn- or post-Sg v ien le ts  show both increased
thickness and angle with respect to composite Sg-Sg, compared 
with metapel ites (Onkamo 04.6 17.4).

g, h Large pre- or syn-Sg boudins traversed by conjugate quartz veins
whose geometry is consistent with e i the r  la te  Sg or syn-Sg 
development (Onkamo 04.6 17.4).
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FIGURE 13: VARPASALO PEGMATITE IN RELATION TO GROUP 3 STRUCTURES

Porphyr i t ic ,  unfo l ia ted apophyses transect ing Ŝ  d i f f e re n t ia t io n  
layering but possibly syn- tectonic with respect to F3 fo ld ing  
(Oravisalo 72.7 12.7).

Pegmatite dyke truncates Ŝ  d i f f e re n t ia t io n  layering axial 
planar to fo lds deforming Sq-S^ (Oravisalo 72.8 12.8).

Pegmatite at r ig h t  s l i g h t l y  discordant to l i t h o lo g ic a l  layering 
and Sg in host rock but fo l ia te d  i t s e l f  by subparal lel  S3 , 
a t tes t ing  to syn- tectonic in t rus ion (Oravisalo 72.8 13.2).

At top l e f t ,  fu r the r  example of syn-tectonic S3 pegmatite with 
almost augen-l ike texture developed in some feldspar phenocrysts 
(Oravisalo 72.7 13.4).

Symplectic intergrowth of  quartz, muscovite and plagioclase in 
syn-S3 pegmatite (Oravisalo 72.8 12.8).

S3 f o l i a t i o n  in pegmatite, with subsequently developed quartz 
veins approximately perpendicular (Oravisalo 72.7 13.4).

Pegmatites syn- tectonic with respect to S3 and rela ted to F3 

minor folds (Oravisalo 72.7 13.4).

Pegmatite lenses concordant with and probably coeval with F3 

minor fo lds.  Associated quartz veins may have developed with 
pegmatite in t rus ion - the geometry of the upper lense suggests 
quartz is younger but the lower middle lense has the morphology 
of pegmatite forming in la te r-s tage propagation (Varpasalo 67.2 
11.2 ).
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FIGURE 14: MYLONITIC GROUP 3 STRUCTURES

Scale bar in photomicrographs represents 1 mm

Rel ic t  d e t r i t a l  feldspar (mottled grain at l e f t )  and quartz 
grain showing sutured grain contacts with rec rys ta l l i zed  
quartzose matr ix ;  f i n e r  quartz grains are elongate and subparallel  
to S3 as defined by small muscovite grains (Pyhaselka 94.6 27.4).

I r regu la r  domains of quartz in plagioclase,  cha rac te r is t ic  of  
inc ip ie n t  S3 mylonite development in basement granito ids 
(Oravisalo 75.7 15.8). NX.

Muscovite blades al igned para l le l  to S3  in my lon i t ic  Archaean 
gneiss. Twinned plagioclase has deformed along zone of sub­
grain development and conjugate microkinks (Oravisalo 73.4 15.4) 
NX.

Advanced stage of h igh-s t ra in  deformation in arkose. Mosaic 
of quartz has rec rys ta l l i zed  from larger grains, deformed as 
quartz ribbons. Feldspar grains have been attenuated para l le l  
to S3 but sub-domains have not rec rys ta l l i zed  in to  a new mosaic 
(Oravisalo 94.9 28.1). NO.

Anastomosing my lon i t ic  seams have e f f e c t i v e ly  ob l i te ra ted  r e l i c t  
c las t  boundaries in arkosic metapsephite (Pyhaselka 94.9 28.1).

Laminar, quartz-r ibbon mylonite having completely destroyed any 
evidence fo r  depositional fab r ic  (Pyhaselka 94.9 28.1).
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FIGURE 15: GARNET PORPHYROBLASTS IN RELATION TO S3

Scale bar represents 1 mm
a - e :  Progressive stages in prograde garnet breakdown.

a Garnet and b io t i t e  porphyroblasts ev ident ly  overgrowing Sg
d i f f e re n t ia t i o n  layering but deformed during S3 formation 
(Oravisalo 75.7 15.8). PPL.

b Quartz-b io t i te -p lag ioc lase mosaic presumably in equi l ibr ium

with garnet. Quartz inc lusions are not considered to r e l i a b ly  
ind icate the nature of  any fab r ic  ex is t ing  p r io r  to garnet 
formation (Varpasalo 67.7 15 .7 ) .  PPL.

c 'A to l l  garnet'  whose in te rna l  texture is in te rpreted as a post-S3

prograde a l te ra t io n  to quartz + b i o t i t e  + plagioclase - 
f i b r o l i t e  (Varpasalo 67.7 15 .7) .  PPL.

d Complete pseudomorph of garnet porphyroblast ind icated by
deflexion of enclosing S2 - S 3 fab r ic  and unoriented b i o t i t e -  
plagioclase replacement growth (Oravisalo 75.7 15.8). PPL,

e Post - $ 3  pseudomorph of garnet porphyroblast with abundant
b io t i t e ,  f i b r o l i t e  and a l i t t l e  pr ismatic s i l l im a n i te .
Replacement b io t i t e  has formed with c-axis nearly perpendicular 
to that  of S3 b i o t i t e  (Varpasalo 67.7 15.7 ). PPL.

f  P o ik i lo b la s t ic  garnet in syn-S3 quartz - fe ldspar - muscovite
pegmatite. S3 defined by dimensional alignment of quartz and
muscovite (Oravisalo 72.2 13.7). NX.
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5. NATURE OF YOUNGER, DOMINANTLY STEEP AND ZONAL PRQTERQZQIC
STRUCTURES

5,1 GROUP 4 STRUCTURES

5.1.1 D is t r ib u t io n  and s t ruc tu ra l  domains

These structures d i f f e r  from e a r l ie r  ones in s ty le ,  a t t i tu de  
and in te ns i ty  and no d i s t i n c t  domains are recognized in the study 
area. Rather, minor folds and S^ show s im i la r  vergence and geo­
metry wherever observed: these are asymmetrical dextral minor
fo lds with associated axia l planar f o l i a t i o n ,  frequently  a crenula- 
t ion  cleavage (Figures 11b and 17a). No large scale structures have 
been id e n t i f ie d  w i th in  the study area, unless a l i t h o lo g ic a l  boundary 
between N i i t t y l a h t i  (Map 2 reference: N i i t t y l a h t i  33.0 353 and Mulo 
( N i i t t y l a h t i  90.1 is an f a u l t  zone. Since th is  is  subparal le l  . 
to $ 2  trends, so tha t  F^ and Fg dextral minor fo lds may be mistaken 
fo r  each other., i t  must be admitted that  other s im i la r  structures 
might have been overlooked, espec ia l ly  in poorly exposed areas.

A conjugate shear zone geometry has been described fo r  cor­
re lates o f  Group 4 st ructures by numerous authors (Gaal and Rauha- 
maki 1971, Gaal 1972, Parkkinen 1975, Koistinen 1981, Hal den 1982). 
Within the study area a few minor folds appear to correspond to the 
antic ipated s i n i s t r a l ,  NE-trending a n t i th e t ic  conjugate set (Figure 
17b). This trend is however s im i la r  to that of the equal ly rare 
Sg - Fg so that unambiguous recognit ion requires cons is tent ly  d i f ­
fe rent vergence or presence of  intervening Group 5 s tructures.

Despite the un i fo rm ity  of Group 4 s t ruc tura l  s t y le ,  s t ra in  
gradients are heterogeneous and i r re g u la r  in that  to the SW, the 
Suvasvesi and Haukivesi wrench f a u l t  - shear zones apparently 
record displacements of  the order of tens of ki lometers (Gaal
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1972, Halden 1982). There they are associated with diverse and
abundant syntectonic in trus ions (Map 1). Though no such
l i tho lo g ies  are recorded from w i th in  the study area, analogous 
structures occur in the form of quartz veins developed in minor
dextral shear zones (Figures 17 c and 20a).

No attempt to in tegra te  Group 4 s t ra in  across the study 
area has been attempted as frequency of minor structures and mean 
displacement across them is not known.

5 .1 .Ü  Group 4 fab r ic  elements, microstructures and 
metamorphi sm

Synkinematic mineral r e c ry s ta l l i z a t io n  is associated with 
and manifest as composit ional ly modified "aureoles" to quartz 

veins in shear zones. This modif icat ion has tended to ob l i te ra te  
e a r l ie r  fabr ics  where they have not merely been reoriented 
(Figures 17 c and 20 a). Syn-S^ grain growth is not pronounced in 
axial planes to crenulat ions at outcrop scale (Figure 17a) 
or microscopical ly  (Figure 18a,b).

F^ microfolds in Figure 17a c lea r ly  crenulate b io t i t e  
porphyroblasts grown w i th in  Sg - S^, but the F^ crenulat ion 
cleavage is i t s e l f  overpr inted by b i o t i t e  and s ta u ro l i te  porphyro­
blasts (Figure 18a) and t remol i te  porphyroblasts (Figure 18b). 
Thus there is  some evidence, from widely d is t r ibu ted  exposures, 
of  id io b la s t i c  crysta l  growth, post-kinematic with respect to S^. 
This may corre la te  wi th the b i o t i t e ,  s ta u ro l i te  and andalusite 
growth in Hbytiainen province metapel i tes, already constrained 
as post-dating Sg (see section 4 .3 . v i i  above), but because S^ is 
generally not a penetrat ive, ubiquitous fa b r ic ,  i t  has not been 
possible to establ ish re la t ionships to blastesis in every exposure. 
This mineral growth may also have been coeval with the post-Sg 
garnet breakdown react ion in the south-west part of the study
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area, and hence probably records the regional thermal metamorphic 
climax. Such t iming is consistent with Koist inen's (1981) 
conclusions concerning the metamorphic peak at Outokumpu, and also 
those of Campbell and others (1979) from the eastern part of the 
Hbytiainen province, at Heinavaara. Based on the stoichiometry 
of coexist ing mineral phases, and also solving simultaneous 
equations using thermochemical data fo r  in ferred reactions, 
the la t t e r  authors computed maximum metamorphic condi t ions,  
recorded by stauro l i te -muscovi te  breakdown, as T - 675 - 25°C 
and P = 500 - 25 MPa.
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5.2 GROUP 5 STRUCTURES

As with Group 4 structures these display a cha rac te r is t ic  
and homogeneous s ty le  across the study area while showing higher 
displacement gradients in certa in zones. In general, Sg is more 
perceptible in metapeli tes of the Hbytiainen province than in 
the Savo province, although a major Group 5 s tructure c le a r ly  
passes through Oravisalo and Varpasalo causing a regional deflexion 
of e a r l ie r  st ructures (Map 2  and Figure 5), This is termed the 
Orivesi shear zone and may be contiguous with a s im i la r  feature 
found to the north between Outokumpu and the Sotkuma basement i n l i e r  
(Gaâl and others, 1975).

5 .2 . i D is t r ib u t ion  and structura l  domains in the 
Savo province

The Orivesi shear zone separates the province in to  two 
Group 5 domains with ve r t ica l  movement along the shear zone having 
raised the eastern one with repect to that in the west; the shear 
zone is thus of normal, rather than reverse sense, in contrast 
to the e a r l ie r  Group 3 overfolds and thrusts .  In the western 
domain the composite S^-Ss f o l i a t i o n  and associated ear ly  fo lds are 
reoriented about large scale, r e la t i v e l y  open, SSW- to SW-plunging 
folds and i t  is  these structures that  give r ise  to the gross 
a t t i tude  of l i t h o lo g ic a l  layering (Map 4). At outcrop scale, 
pa ras i t ic  minor fo lds are f requent ly  observed as coaxial with the 
Lg mineral elongation l inea t ion  but detai led examination shows 
them in may cases to be s l i g h t l y  divergent. This in i t s e l f  does 
not unequivocal ly ind icate two separate phases of  deformation 
since such re la t ionships could ar ise in a transected fo ld  with 
L3 ly ing w i th in  the axial plane, obl ique to the h inge-paral le l  
cleavage in te rsect ion  l inea t ion .  However, microfolds have been 

seen with crenulat ion cleavage deforming L3 b i o t i t e  aggregates, 
afford ing be t ter  evidence of  superposed deformation.
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In contrast to th is  domain, Group 5 structures are v i r t u a l l y  
absent from a large area to the east of the Orivesi shear zone, 
as might be in fe rred from the low-angle a t t i tu de  of  ear ly  fo l ia t io n s  
and gentle F3 -L 3 plunges in the Oravisalo-Raakkyla-Nieminen area (Map 2) 
This change is  not a t t r ib u te d  to rheological contrasts between 
l i th o lo g ies  as metapsammites are e f fe c t i v e ly  ident ica l  to e i the r  
side of the shear zone.

However, immediately east of the zone at Oravisalo, and 
also to the north of the study area at Sotkuma, Archaean basement 
is exposed (Map 1). These may be the exhumed port ions of  a large 
contiguous un i t  of basement buried at  r e la t i v e l y  shallow depth; 
i t  is  envisaged that  such a competent blockcould to some extent 
i n h ib i t  the formation of large amplitude Group 5 structures in 
overly ing metasediments.

Approaching the eastern margin of the Savo province, at 
Sammallahti and Ni va, reor ien ta t ion  by Group 5 structures again 
becomes more not iceable, with SW-plunging Fg fo lds nearly 
coaxial with L 3 but re lated to a steeply dipping axia l planar 
crenulat ion cleavage, S5  . (Maps 2 and 4).

5 . 2 . i i  D is t r ibu t ion  and s truc tura l  domains in the 
Hbytiainen province

To the north-east of the Kettamo thrus t  zone, reor ien ta t ion  

o f  early  st ructures is not substantial  at a regional scale but most 
exposures record some kind o f  Group 5 s t ructure in the form of 
c renu la t ions , asymmetrical to disharmonie minor folds (Figure 17d,e,f)  
or duc t i le  shear zones (Figure 17g). In general, overpr in t ing 
re la t ionships are d i s t i n c t  wi th respect to Sg and e a r l i e r  s t r u c t ­
ures and in some cases Fg fo lds are c lea r ly  superimposed upon Group 4 
structures (Figure 4e).
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With few exceptions, Fg fo lds in th is  region show a 
consistent sense of asymmetry. When viewed down plunge they 
t y p ic a l l y  show an open S-shaped p r o f i l e ;  close inspection reveals 
that the steeper, longer limbs are the higher s t ra in  port ions.
Sense of asymmetry is  the same as fo r  the la rger ,  but analogous 
Orivesi shear zone: 'normal' displacement, with re la t i ve  u p l i f t
to the east. These re la t ions  are present at microstructura l 
scales as well but in th is  case a l te rna t ive  processes such as 
buckl ing and pressure-solut ion truncat ion have also contr ibuted 
to f ina l  fab r ic  morphology (Figure 19).

A notable feature of Sg in many outcrops is i t s  var ia t ion  
in s t r ike  from about 175° to 220°. This is mani fest ly  primary 
and not a resu l t  of l a te r  superimposed deformation. In general. 
Group 5 shears or fa u l ts  are almost N-S as is  fo r  example,the 
Orivesi shear zone, but in areas of lower s t ra in ,  Sg crenulat ions 
swing into a more southwesterly trend, seeming to define le n t i c u la r  
and anastomosing domains in which Group 5 structures tend to be 
more intensely expressed, as depicted in Map 3.

A l ine  passing northwards along the eastern shore of  the 
lake Haapajarvi (Map 2 reference: Ni i t t y l a h t i  95.30) marks a major 
change in l i th o lo gy  and also in te n s i ty  of Group 5 s t ructures. The 
coarse c la s t i c  l i th o fa c ie s  and Group 2 - Group 3 structures of 
Kettambnniemi are abruptly  truncated by th is  f a u l t  zone, immediate­
ly  east of  which, deposit ional layering (where evident) and Sg - Sg 
fo l ia t io n s  have been reoriented in to  an a t t i tude  almost invar iab ly  
steeper than 50 (Maps 2 and 3). In such zones, and p a r t i c u la r l y  be­
tween Kumpu, Hammaslahti and T ikka la ,  a pers istent d i f f i c u l t y . h a s  
arisen in attempting to d is t ingu ish  real Group 5 structures from 
Group 3 or e a r l i e r  structures merely passively reoriented in to  
steeper a t t i tudes .  Discrimination is  only conf ident ly  made where 
contrasts in cleavage s ty le  occur, such as the typ ica l  Sg - Sg 
d i f fe re n t ia t io n  in metapsammites overprinted by an Sg crenulat ion 
cleavage (Figure 17h). In the absence of these d i s t in c t i v e
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c r i t e r i a ,  horizontal exposures l i k e  that  in Figure 10a and 
Figure 1 2 d display fo ld  morphology appropriate fo r  both F3 

upper-1imbs and Fg fo lds .  Moreover, the frequent coaxial nature 
of L3 and the Lg in te rsec t ion  lineations precludes ready discr im­
ination even in 3-dimensional exposures (Figure 37c). Examples 
have nevertheless been found where presumable syn-S3 boudins 
are seen to p itch more steeply on S3 planes than the in tersect ion 
l inea t ion  formed with Sg.

Sg general ly dips steeply westwards, except in a zone S of  
Hammaslahti mine where dips are from 60° - 90° eastwards. This 
does not seem to represent axial plane fanning about a major F3 

fo ld  as no shallow hinge zone dips were recorded and minor fo lds 
plunge northwards ra ther instead of  southwards, preserving the same 
sense of vergence throughout.

5 .2 . i i i  Group 5 structures in re la t ion  to quartz veins

Group 5 structures are expected to include quartz veins, 
given the evidence presented below (section 5 .2 . iv )  fo r  volume loss 
by solut ion t rans fe r  of quartz from Sg crenulat ion cleavage domains 
Some veins are located with Sg axial planes but a more typ ical 
a t t i tude  appears to be perpendicular to th is  and the Lg in t e r ­
section l inea t ion .  This re la t ionsh ip ,  of E-W trending veins 
and S-plunging Lg are well expressed throughout Hammaslahti mine 

(T. Karppanen spoken comm.) and is  i l l u s t ra te d  in Figure 10a,c. 
Figure 12 d c lea r ly  indicates an en echelon vein set perpendicular 
to Fg fo ld  axes and boudinaged syn-Fg or e a r l ie r  veins. Much 
smaller veins of s im i la r  a t t i tu de  are shown in Figure 20b, record­
ing evidence o f  so lu t ion processes in a deformed gneissose c las t .

Yet another vein configurat ion is represented by Figure 
20c,d. This array is deduced as a Group 5 s tructure in that  i t  
transects bedding-paral lel  S3 and is of  appropriate a t t i tude  in
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having i t s  acute b is e c t r i x  perpendicular to Sg. The orthogonal 
vein sets w i th in  the metapsammite boudins shown in Figure 12g,h 
possess a s im i la r  geometry but do not unequivocal ly cut S3 , and 
hence cannot be proven as Group 5 structures.

5 .2 . iv  Fabric elements, microstructures and metamorphism

Expression of Sg is  not only dependent upon zonal d is t r ib u t io n  
of major Group 5 structures but also to a large extent upon 
l i th o lo gy .  Thus Sg is only ra re ly  evident as a crenulat ion cleavage 
in metapsammites of the Savo province and even in the Hbytiainen 
province, metapsammites tend to lack syn-Sg mineral growth, apart 
from re c ry s ta l l i z a t io n  w i th in  the more h ighly  strained limbs of 
asymmetric microfolds.

In metapel i tes of the Hbytiainen province, Sg is  frequently  
a spectacular crenulat ion cleavage that  records much evidence 
concerning mechanisms and processes of  o r ig in .  Figure 19a-h 
i l l u s t r a te s  the var ia t ion  in morphology of these fab r ics .  Using 
terminology proposed by Gray (1977, 1979) and Borradaile and 
others (1982) they may usual ly  be described as discre te zonal 
crenulat ion cleavages as opposed to having gradational boundaries 
between the r e l i c t  micro l i thons and cleavage domains. Both kinds 
may however be juxtaposed, as in Figure 19 e.

Individual cleavage domains may vary in length from several 
mm to over 1 dm. In th in  section, discontinuous cleavage domains 
pass gradually lengthways in to  microfolds that  have l i t t l e  e f fec t  
on pre-ex is t ing fa b r i c ,  other than reor ien t ing i t ,  as in the r ig h t  
hand part of Figure 19 d.

Diffuse cleavage domains become more d i s t i n c t  as the angle 
between the reoriented f o l i a t i o n  and Sg axial surface decreases, 
as in Figure 19 e. The l e f t  hand part of f igure  19 d shows another 
good example, with a strong dimensional alignment of  quartz grains
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fu r the r  enhancing the reoriented Sg-S^ fabric. - 'Th is  probably 
developed in a complex manner, with a combination of body ro ta t ion ,  
incremental grain deformation and recovery in addi t ion to so lu t ion 
trans fe r  processes, as envisaged by Gray (1979) and White and 
Johnston (1981).

The predominating, d iscre te  cleavage domains tend to be 
th inner than d i f fuse  ones (about 1 mm compared to up to 7 mm) and 
also r e la t i v e l y  depleted in quartz. They may consist of mul t ip le  
anastomosing fo l ia e  defin ing a d i s t i n c t  zone, as in Figure 19 f ,  
through which r e l i c t  e a r l i e r  f o l i a t i o n  may s t i l l  be traced, or 
comprise single discordant seams truncat ing ear ly  fabr ics  and 

showing a strong preferred or ien ta t ion  of mica, as in Figure 19d, 
b and c. Figure 19g,h shows mica al igned w i th in  axial planes of 
Fg microfolds but such d i s t i n c t  mineral growth does not normally 
accompany S5 .

The various kinds of crenulat ion cleavage observed may each 
be members of  a sequence that  progressed through stages as fo l lows.

1) Probable low-a t t i tude r e l i c t  deposit ional and Sg-Sg 
d i f fe re n t ia t io n  layering deformed at f i r s t  by bulk f l a t t e n in g ,  
forming small, discontinuous Sg cleavage domains with local ized 
pressure so lu t ion ,  e f f e c t i v e l y  analogous to s t y lo l i t e s  (Figure 
19 b ,d ) .

2) The ro le of pressure solu t ion may have temporari ly  
diminished as the rock responded by buckl ing in to  micro fo lds,  
t y p i c a l l y  of  wavelength 2-7 mm (Figure 8 e). E a r l ie r  fabr ics  could 
have been enhanced by body ro ta t ion  of ind iv idual  grains, i n t r a ­
c ry s ta l l in e  deformation and recovery and c r y s ta l l i z a t io n  of new 
grains as a resu l t  of progressive reor ien ta t ion  with respect to 
imposed forces (Figure 19d,e ,h) .

3) Asymmetrical microfolds produced zonal crenulat ion cleavage
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with gradational boundaries between r e l i c t  microl i thons and 
developing cleavage domains (Figures 8 f  and 19 e).

4) Renewal of solu t ion t rans fe r  in t ig h te r  microfolds 
results in zones of anastomosing fo l ia e  depleted in quartz, 
enclosing and separating microl i thons which can nevertheless
be traced coherently through the cleavage fo l ia e  (Figure 1 9 c ,d , f ) .  
From such c r i t e r i a ,  Gray (1979) argued against the occurrence of 
shear d is locations along the cleavage domains, at least as a 
primary cause of apparent o f fsets  across them.

5 ) Final stage is amalgamation of fo l ia e ,  or possible 
la te ra l  growth due to continued d isso lu t ion of more mobile 
components, obscuring r e l i c t  fabr ics and abutt ing microl i thons 
sharply, as though truncat ing them (Figure 19a,d ,g).  A new 
anisotropy has thus been imparted to the rock by a combination of 
microfolding and grain-scale adjustments, including volume loss, 
rather than by fau l t in g  or shear transposi t ion (Figure 19c).

Metamorphic condit ions during th is  stage of the deformational 
h is to ry  are not well constrained. Sg c lea r ly  kinks or truncates 
post-Sg and post-S^ b i o t i t e  porphyroblasts, suggesting that the 
regional thermal metamorphic peak occurred a f te r  S4  formation 
(Figure 18a) but p r io r  to the Sg crenulat ion cleavage (Figure 18 h) 
At Heinavaara (Map 2 reference; Heinavaara 08.39), Campbell and 
others (1979) present evidence fo r  l im i ted  garnet and s ta u ro l i te  
growth being pre- or syn-kinematic with respect to Sg and re la te  
th is  to s ta u ro l i te  i n s t a b i l i t y .  Pseudomorphs, presumably a f te r  
syn- or post-Sg s ta u ro l i te  are also present at Hammaslahti and 
Tikkala (Figures 16 and 18e) though mica, quartz and tremoli te 
are noted instead of  garnet, s ta u ro l i te  and b i o t i t e .  I f  indeed 
the resul ts  from Heinavaara ind icate a somewhat anomalous, 
younger thermal maximum than elsewhere, th is  is expl icable ac­
cording to the geometry o f  Group 5 structures establ ished fo r  the 
study area - W-dipping shear zones of  normal sense would be 
expected to progressively expose deeper crustal sections by 
re la t ive  u p l i f t  to the east.
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5.3 GROUP 6 STRUCTURES

5.3.1 D is t r ibu t ion  and s tructura l  domains

Group 6  s tructures trend NE or ENE but are only recognized 
in several exposures, where they truncate or deform Group 5 and 
older structures.  In the northeastern part of the study area, 
they are present as an Sg crenulat ion cleavage axial planar to 
kink bands (Figure 20e). Elsewhere, at Hammaslahti mine and the 
Oravisalo quarry Group 6  structures are expressed as b r i t t l e  f a u l t s ,  
sometimes q u a r t z - f i l l e d ,w i th  at least some dextral horizontal 
component of displacement. I f  th is  is consistent fo r  S5  s t ructures,  
i t  could d iagnos t ica l ly  d iscr iminate the a n t i th e t i c  Group 4 
conjugate which also trends NE but has s in is t r a l  c h i r a l i t y .

5.4 GROUP 7 STRUCTURES

5 .4 . i D is t r ibu t ion  and s truc tura l  domains

In the s t r i c t e s t  sense, the subscript notat ion should not 
be used here with a sequential connotation - although they 
d e f in i t e l y  deform Group 5 st ructures in Figure 4 f ,  the re la t ionsh ip  
between Group 6  and Group 7 structures is not yet establ ished.
The gentleness of fo lds and lack of asymmetry precludes d e f in i t io n  
of vergence domains and th e i r  general weakness and un i fo rm ity  
prevents recognit ion of  any zonal var ia t ions in expression. Sy 
is usual ly  discontinuous and d is junc t ive ,  most evident on 
weathered surfaces or where i t  traverses feldspar grains. In 
metapel ites i t  can occur as a d i s t i n c t  crenulat ion cleavage, with 
only inc ip ie n t  development of  cleavage domains due to re la t i v e l y  
low amplitude of microfolds (Figure 2 0 f ) .  Sometimes two d is t in c t
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trends, to 080° and 095-110° are discern ib le but i t  is uncertain 
whether they could be conjugate or of  wholly d i f fe re n t  o r ig in .
Fy folds are usual ly  open or i r regu la r  f lexures whose plunge is  
dependent upon d ispos i t ion  of p re-ex is t ing f o l i a t i o n s .

6.5 LATE STRUCTURES DIFFICULT TO CLASSIFY

Spaced, N-trending zones of a l te ra t io n ,  in places several 
cm wide are sporadica l ly  seen, commonly containing epidote and 
ch lo r i te  or narrow seams of  pseudotachyl i t e  (Figure 20 g). They 
are l i k e l y  to correspond to the Sg cleavage of Koist inen's (1981) 
c la s s i f i c a t io n  and s im i la r  structures have been,reported by 
Bowes (1976) and Park (1983).

Figure 20h shows various la te  sets of ve in le ts ,  fractures 
and me ta somatic or re trogress ive zones that are commonly seen 
on weathered metapsammite surfaces. They appear to record a 
weak E-trending fab r ic  (;Sy?) cut by N-trending ve in le ts  and s t i l l  
younger ESE-trending en echelon fractures. Such a conclusion 
should be substantiated from other exposures but is  compatible 
with the sequence and o r ien ta t ion  of the la tes t  structures 
described by Bowes (1976) and Koistinen (1981).



FIGURE 16 : METAMORPHIC ASSEMBLAGES AND LATE STRUCTURAL DOMAINS

Most o f  the d is t in c t ions  on the map are ascribed to compo­
s i t io n a l  dif ferences in p ro to l i t h s ,  except fo r  the presence 
of  f i b r o l i t e  in the south-west of the area. Where establ ished, 
the cl imactic thermal metamorphism occurred between the formation 
of Group 4 and Group 5 structures. Major Group 5 structures 
shown on the diagram are the Haapajarvi f a u l t  and the Orivesi 
shear zone, both o f  normal sense with u p l i f t  to the east. Grid 
coincides with boundaries of  1 : 2 0  0 0 0  map sheets.
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FIGURE 17: GROUP 4 AND GROUP 5 STRUCTURES

F4  crenulat ions deforming e a r l ie r  composite Sq-Sg fa b r ic .  Unless 
they underwent subsequent mimetic growth, i t  seems c lear that 
b io t i t e  porphyroblasts were syn- tectonic with respect to S3  

and d e f i n i t e l y  pre-date S4  (N i i t t y l a h t i  91.7 35.6).

Isoc l ina l  F3 fo lds are overprinted by NE-trending crenulat ions.
These could be assigned to S$-Fg but s in is t r a l  c h i r a l i t y  in 
adjacent exposures suggests that they are a n t i th e t i c  conjugates to 
the usual NW-trending S4 . (The few examples found where Sg is 
establ ished as cu t t ing  S5  have indicated the opposite c h i r a l i t y )  
(N i i t t y l a h t i  92.4 35.2).

Minor S^ shear zone containing a quartz vein and causing both 
d is to r t io n  and compositional modi f icat ion of composite S^- Sg 
fab r ic  (Oravisalo 70.5 19.6).

S5  shear zone, probably with some ver t ica l  component o f  displacement. 
Deformed fabr ics  at r ig h t  are d i f f i c u l t  to assign, but are e i the r  
S3 or S4  axial planar to F3 or F4  dextral fo lds ,  deforming 
l i th o lo g ic a l  layering and para l le l  Sg quartz veins (Pyhaselka 
94.0 29.3).

Asymmetrical Sg crenulat ions developed in laminated metapeli te but 
absent from th icke r  massive metapsammite (Pyhaselka 93.9 29.3).

Composite Sg-Sg d i f f e re n t ia t io n  fab r ic  with abundant quartz veins, 
folded by F5 , with no evidence of accompanying S5  (Pyhaselka
93.5 29.2).

Discrete, zonal S5  crenulat ion cleavage across well-preserved 
deposit ional laminae and subparal lel  but weak So (Rauansalo 00.7 23.9)

Axial planar S5  crenulat ion cleavage deforming Sg d i f f e re n t ia t io n  
layering in metapsammites. Vein quartz is  also present in axial  
planes (Heinavaara 03.7 32.5).





FIGURE 18: PORPHYROBLAST RELATIONSHIPS TO GROUPS 4 AND 5
MICROSTRUCTURES 
Scale bar represents 1 mm

Twinned b io t i t e  porphyroblasts overpr in t ing F4  microfolds that  
crenulate composite Sg-S^ in graphite-bearing metapel i te. Hexagonal 
grain of high r e l i e f  may be s ta u ro l i t e ,  though is  not pleochroic 
and has sector twinning l i k e  that of co rd ie r i te  ( Pyhaselka 94.7 
28.6). PPL.

Pre- or syn-Sg t remol i te  porphyroblasts superimposed upon Sg-Sg 
d i f f e re n t ia t io n  layering in calcareous metapel i te (dark bands are 
g raph i te - r ich ) .  Open crenulat ions are la te  F3 or F4  microfolds 
(N i i t t y l a h t i  91.3 35.6). PPL.

F3 or F4  microfolds deforming Sg-Sg d i f f e r e n t ia t i o n  layer ing,  with 
darker bands being g raph i te - r ich .  Disrupted pre- oih syn-Sg veins 
or sulphide porphyroblasts are intergrown with or replaced by 
K-feldspar at margins (N i i t t y l a h t i  91.3 35.6). PPL.

Apparent m u lt ip le  growth of  fe ldspar and sulphide resembling vugh 
growths, except tha t  here, the 'vugh' is  f i l l e d  with quartz, possibly 
part of a deformed syn-Sg ve in le t  (N i i t t y l a h t i  91.3 35.6). NX.

C h lo r i t i c  and micaceous pseudomorphs a f te r  s ta u ro l i t e  porphyro­
b las ts ,  syn- or post-kinematic with respect to S3 . Accompanying 
th is  replacement, or younger s t i l l  are ac icu la r  t rem ol i te  c rys ta ls  
intergrown with quartz (Hammaslahti mine). PPL.

Porphyroblast, pre- or syn-kinematic with respect to S5 , encloses 
a composite Sg-Sg fab r ic  defined by dimensional l y  al igned quartz 
and mica, more d i s t i n c t  w i th in  the b last  than outside i t .  Nature 
of b last is unclear - pseudomorphing of former s ta u ro l i t e  by 
sulphide is a p o s s ib i l i t y  (Qnkamo 04.6 17.5). PPL.

Post-Sg dendr i t ic  a c t i n o l i t e  in quar tz -m ica-ch lo r i to id  metapel i te 
( c h lo r i to id  not evident in th is  photograph) ( Pyhaselkâ 93.9 24.6).

Post-Sg b i o t i t e  porphyroblasts deformed and truncated by d iscre te ,  
anastomosing Sg crenulat ion cleavage ( N i i t t y l a h t i  97.7 30.5). PPL.
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FIGURE 19: S5  CRENÜLATION CLEAVAGE IN HdYTiAINEN PROVINCE METAPELITES 

Scale bar represents 1 mm

Apparent o f fse ts  of  1i tho logy-para l le i  quartz ve in le t  during 
formation of S5  crenulat ion cleavage domains. Spacing between 
domains is least where Sq is reoriented subparallel  to S5 , at 
bottom l e f t  (Ni i t t y l a h t i  94.6 38.4). PPL.

Detai l of S3 ve in le t  showing deflex ion of S5  crenula t ion cleavage 
around microfolds and also d i s t i n c t  th inning of ve in le t  where i t  
crosses S5  cleavage domains ( N i i t t y l a h t i  94.6 38.4). PPL.

Finely spaced S5  cleavage domains transecting te c to n ic a l l y  modified 
s i l t y  laminae (Rauansalo 01.8 28.3). PPL.

Asymmetric F5  microfolds deforming composite Sg-Sg f o l i a t i o n .
Sg cleavage domains may be described as inc ip ie n t  and gradually 
bounded ( fa r  r ig h t )  or as discrete and truncat ing (N i i t t y l a h t i  

94.6 38.4). PPL.

Composite Sg-Sg f o l i a t i o n  continues across several th in ,  wispy 
and discontinuous Sg cleavage domains at r ig h t  but is completely 
truncated and reoriented or rec rys ta l l i zed  w i th in  the th icke r ,  
dark seam-like domain. To the l e f t  of t h i s ,  Sg-Sg has an enhanced 
dimensional alignment of  quartz and mica through a g radat iona l ly  
bounded ra ther than discrete Sg cleavage domain (N i i t t y l a h t i  
93.3 37.4). PPL.

Composite Sg-Sg mica-r ich cleavage domains and m ic ro l i thons are 
seen to pass continuously through discre te S5  cleavage domain 
composed of anastomosing fo l i a e ,  themselves crenulated by Fy 
microfolds (N i i t t y l a h t i  94.6 37.9). PPL.

Sg d i f f e re n t ia t io n  layering l e f t  o f  center, deformed in to  angular Fg 

microfolds,  with S5  f o r tu i t o u s ly  pa ra l le l  to l i t h o lo g ic a l  layering.
In contrast , s i l t y  layer at r ig h t  does not show any d i s t i n c t  Sg 
fab r ic  (Rauansalo 01.3 21.4). PPL.

Detai l  of Sg d i f f e re n t ia t io n  layering in 'g '  to show reor ien ta t ion  
or re c ry s ta l l i z a t io n  of phyl 1 o s i 1 icates in mica-r ich domains, so 

that they l i e  in an Sg axial planar a t t i tu de  (Rauansalo 01.3 21.4). 
PPL.





FIGURE 20: QUARTZ VEINS AND LATE STRUCTURES

a Massive quartz development associated with dextral NW-trending
S4  shear zone. Note deflexion and o b l i te ra t io n  of Sg-Sg composite 
fab r ic  approaching the zone (Oravisalo 74.7 19.8).

b Small veins perpendicular to Lg and Sg, associated wi th deformation
of gneissose c las t .  Outer margin of vein contains feldspar in 
addit ion to quartz. Approximately natural size (Rauansalo 02.428.2)

c,d Because of the geometrical congruence of composite Sg-Sg and S5

fab r ics ,  i t  is d i f f i c u l t  to establ ish a f f i n i t i e s  o f  the quartz 
veins. Their undeformed, cross-cutt ing nature does however 
suggest that  they developed during or a f te r  Sg formation 
(Onkamo 04.6 17.5).

e Broad s in is t r a l  kink band and NE-trending Sg crenulat ion cleavage
d is t i n c t l y  cu t t ing  composite Sg-Sg (Heinavaara 02.8 33.2).

f  Unusually d i s t i n c t  Sy crenulat ion across e a r l i e r  Sg-Sg
d i f fe ren t ia te d  fab r ic  ( Valkeasuo 17.4 18.9).

g Epidotized f rac ture zones (Sg), containing sporadic seams
of pseudotachyl ite (Rasivaara 86.5 07.4).

h Unclassif ied sets of la te  fractures and ve in le ts ,  lacking in
re la t ionships to e a r l ie r  st ructures. They may however be 
E-trending Sy (para l le l  to compass) cut by N-trending Sg 
vein lets  (para l le l  to kni fe ) in turn cut by Sg ribbed zones 
(Pyhaselka 91.4 20.6).
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6 . KINEMATIC INTERPRETATION OF STRUCTURES

I t  is  log ica l  to regard the dif ferences in s ty le  and 
a t t i tude  between ear ly  and la te  groups of structures as re f le c t in g  
d i f fe re n t  mechanisms or stress systems during th e i r  formation.
On th is  basis they are therefore discussed separately with regard 
to kinematic development.

6.1 NATURE OF EARLY SVECOKARELIAN DEFORMATION

At a l l  scales, Group 1, Group 2 and Group 3 structures
resemble those typ ica l  in moderately metamorphosed, overthrust 
sequences such as the Pennine Alps, or Otago schists o f  New 
Zealand (Hobbs, Means and Will iams 1976). I s o c l in a l ,  recumbent 
Fg folds (where not reoriented by younger st ructures) and overturned 
t i g h t  to isoc l ina l  F g fo lds ,  lo c a l l y  associated with mylonite 
zones are a l l  features ind ica t ive  of substantial  horizontal 
shear s t ra ins .

Subject to the in te rp re ta t ion  of  the Lg l in ea t io n ,  a
tectonic transport d i rec t ion  to the NE or NW is deduced, based
on abundant Group 3 vergence c r i t e r i a  in association with younging 
d irec t ions.  Group 2 structures apparently share th is  geometry, 
recording t rans la t ion  onto the Karel ian craton or somewhat 
ob l ique ly  along the margin. No t rans la t ion  vector can be 
determined fo r  Group 1 structures but i f  they corre la te  with the 
major d is locat ion and emplacement of the Outokumpu nappe, as 
advocated by Koistinen (1981), then a substantial  northwards 
component is again implied. The absence of Group 1 structures 
from the en t i re  Hoytiainen province is also consistent with 
deformation having been in i t i a t e d  in the south and west and 
advancing towards the craton.
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Archaean basement was not s ig n i f i c a n t l y  affected by th is  
deformation but remained as a competent nucleus, as maintained 
by Wegmann (1928, 1929), Hausen (1930) and Vayrynen (1939).
Even near the cover in te r face ,  w i th in  a l 1ochthonous th rus t  s l ices ,  
basement shows l i t t l e  ind ica t ion  of substantial  bulk shortening.

The f i r s t  stage of Svecokarelian deformation may therefore 
be regarded as a loading of the craton margin beneath a series 
of  fo ld  and th rus t  nappes; exposure and s t ra t ig raph ica l  constraints 
are too l im i ted  to permit recognit ion of any duplex morphology 
but the absence of Group 1 s t ructures, and local ized nature of 
Group 2 st ructures in the Hoytiainen province accords with a 
scenario involv ing progressive craton-ward propagation of splays 
from a basal th rus t  zone.

At outcrop scale, diagnostic evidence fo r  non-coaxial 
deformation such as simple-shear s t ra in ,  is not abundant. However, 
some Group 2 or ear ly  Group 3 quartz veins have morphologies 
consistent with i n t i t i a l  development as extensional arrays 
fol lowed by deformation w i th in  a ro ta t iona l  stress f i e l d  (Figures 
12a,b and 3 7 c).  That i s ,  sigmoidal vein shapes are not 
necessari ly primary nor due to ro ta t ion  of primary stress f ie ld s  
in shear zones (Beach 1975, Rickard and Rixon 1983) but can resu l t  
from subsequent, superimposed shear para l le l  to one quartz vein 
d i rec t ion .  Microstructura l expression of non-coaxial deformation, 
such as curved inc lus ion t r a i l s  w i th in  or pressure shadows 
around porphyroblasts are, however not common (Figure 15 ).

6.2 SIGNIFICANCE AND INTERPRETATION OF GROUP 3 LINEATIONS

Many theore t ica l  and f ie ld-based studies re la te  to the 
o r ig in  of  shape fab r ic  l inea t ions (see review by Hobbs, Means and 

Will iams 1976, and Sanderson 1973, Bell 1978). Frequently they
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are regarded as ind ica t ing  d i rec t ion  of maximum pr inc ipa l  
elongation, pa ra l le l  to the vector of th rus t ing .  This i n t e r ­
pretat ion has been d i f f i c u l t  to reconci le with theories and 
experiments demanding that  such l ineat ions be perpendicular 
to fo ld  hinges since, in the f i e l d ,  these l inea t ions are 
commonly p a ra l le l .  This is t y p i c a l l y  so in the study area as 
elsewhere in Karel ia (Koistinen 1981, Park and others 1984), 
but at Oravis lo,  some folds ind is t ingu ishable from Fg in other 
respects (s ty le ,  a t t i tu de  and overpr in t ing) are almost perp­
endicular to the SW-trending Lg b i o t i t e  l inea t ion  and may 
be relevant to in te rp re ta t ion  of the kinematic development 
of Group 3 st ructures in general. Before th is  is discussed 
as an apparent paradox, several other p o s s ib i l i t i e s  should 
be examined.

6 . 2 . i Lg as an in te rsect ion  l inea t ion

Lg may not be a shape-fabric l inea t ion  but instead 
defined by the in te rsect ion  of b i o t i t e  porphyroblasts w i th in  
Sg and the composite S^-Sg f o l i a t i o n ,  in which case L^ should 
be coaxial with Fg. Bell (1978) provides a succinct explanation 
fo r  th is  : at low s t ra in  states in a rock with a f o l i a t i o n  
containing or defined by oblate grains, any in te rsect ion  with 
a superposed metamorphic fab r ic  w i l l  produce an apparent mineral 
elongation l ine a t ion ,  para l le l  to any associated fo ld  axes. This 
seems tenable fo r  some Group 3 structures but less so where Lg 
is defined by pro la te ,  pre- tecton ic  elements such as conglomerate 
pebbles or where F̂  and Lg mineral l ineat ions are divergent.

Apart from the examples mentioned above, in which th is  is 
in fac t  the case, s u f f i c ie n t  evidence exists  to show that Lg is 
commonly defined by elongate minerals or mineral aggregates and 
deformed metapsephite c las ts ,  and nence cannot be an in tersect ion 
l inea t ion  in a l l  cases.
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6 . 2 . 1 1  Lg and syn-kinematic mineral growth

I t  was proposed in Section 6.1 that Group 3 structures 
formed p a r t l y  under simple shear, consistent with extension 
perpendicular to fo ld  hinges. On the other hand, the elongate 
knots of b io t i t e  defin ing Lg could be taken to Indicate exten­
sion para l le l  to fo ld  hinges, p a r t i c u la r l y  i f  t h e i r  present 
shape derives d i r e c t l y  from both homogeneous and i r ro ta t io n a l  
Group 3 deformation. This d i f f i c u l t y  in in te rp re ta t ion  might 
be obviated i f  the b i o t i t e  knots had c rys ta l l i ze d  syn-kine- 
mat ica l ly ,  even during non-coaxial deformation. Under such 
condit ions, growth of nucleating porphyroblasts might have 
been pre ferent ia l  pa ra l le l  to Fg hinges since shear s t ra in  
would be r e la t i v e l y  in s ig n i f i c a n t  in th is  d i rec t ion  ; perp­
endicular to t h i s ,  accommodation of incremental shear stra ins 
could cause continued d isruption to nucleating grains by s l ip  
along the [001] plane, i n h ib i t i n g  th e i r  growth. S im i la r ly ,  in 
a petro fabr ic  analysis of  quar tz i te  from Kol i ,  north of the 
study area, Hietanen (1938) found acicu lar  kyanite para l le l  
to the major tectonic  l inea t ion  (correlated here with Lg ) 
and also to c-axes in quartz grown perpendicular to the walls 
of extensional veins. I f  these veins were coeval with Group 3 
st ructures, then Lg would seem to be the d i rec t ion  of maximum 
elongation but a l te rn a t iv e ly ,  they may be younger, re lated to 
congruent Group 5 s t ruc tu res , as is demonstrably the case at 
Hammaslahti mine (Figure 1 2 b).

Regardless of which in te rpre ta t ions and mechanisms are 
r e a l i s t i c  and acceptable fo r  synkinematic mineral aggregates, a 
sa t is fac to ry  explanation is necessary to account fo r  the para l le l  
or ien ta t ion  of Fg and deformed, elongate c las ts ;  th is  matter is 
addressed in Section 6 . 2 . iv .
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6 . 2 . 1 1 1  Lg and ro ta t ion  of  fo ld  axes

Sanderson (1973) and Escher and Watterson (1974) have 
offered theore tica l  explanations fo r  the reor ien ta t ion  of 
contemporary fo ld  axes in to  the tectonic t rans la t ion  d i rec t ion ,  
as a resu l t  of high shear s t ra in  during th rus t ing .  Will iams 
(1978) has studied progressive reor ienta t ion of fo ld  axes in 
proximi ty to major thrusts  in two superposed Norwegian nappes, 
using garnet pressure shadows to define the X d i rec t ion  of the 
f i n i t e  s t ra in  e l l i p s o id .  Quinquis and others (1978) l ikewise 
emphasize the ro le of intense simple shear in s t rongly  deformed 
blueschists in B r i t tany  and re la te  th is  to the progressive 
development of sheath fo lds .  Although no structures of  th is  
nature were id e n t i f ie d  in the study area, th is  might r e f le c t  
poor exposure as much as lower amounts of  f i n i t e  s t ra in .

In his study of mylonites from the Woodroffe th rus t  of  central 
A u s t ra l ia ,  Bell (1978) a ff i rms the conclusions of the above 
authors but fu r the r  demonstrates the inhomogeneity of s t ra in  and 
deduces the existence of a bulk f la t ten in g  ( 'pure shear')  
component in addi t ion to tha t  due to simple shear. Moreover he 
shows that large e l l i p t o id a l  blocks with r e la t i v e l y  l i t t l e  
internal s t ra in  can be passively rotated w i th in  anastomosing 
higher s t ra in  duc t i le  mylonite zones. Such observations demonstrate 
the heterogeneous nature of th is  kind of deformation, a feature 
also evident from the var ia t ion  in Group 3 fo ld  morphology and 
fab r ic  in te ns i ty  in the study area (Section 4.3 ).

Other s im i la r i t i e s  with Group 3 structures are described 
by Be l l ,  resembling the la te  Fg fo lds at Oravisalo, having 
fo ld  axes at a high angle to the mineral elongation l inea t ion  
and are interpreted as recording diminishing simple shear s t ra in .  
However, most other examples of Group 3 structures, including 
mylonites examined at Oravisalo and Kettamo, lack convincing 
evidence fo r  the preservation of Fg fo ld  axes in various degrees
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of ro ta t ion  towards the Lg elongation d i rec t ion .  Si nee the mylonites 
in p a r t i c u la r ,  are most prevalent in massive, though an isotropic 
Archaean migmatites th is  may merely ind icate that t h e i r  rheology 
was at no stage conducive to the formation of fo lds ,  e i the r  by 
bulk shortening or simple shear.

6 . 2 . iv  Lg in re la t ion  to deformed metapsephite clasts

Unlike syn-kinematic minerals, sedimentary c lasts  share the 
complete deformational h is to ry  of t h e i r  enclosing l i th o lo g ie s  but 
the extent to which they record the same f i n i t e  s t ra ins w i l l  depend 
upon c las t  : matr ix v is co s i ty  contrasts and i n i t i a l  c las t  shape.
This s i tua t ion  was modelled by Gay (1968 a,b) who found that fo r  
r i g id  bodies undergoing homogeneous f la t te n in g  in a viscous matr ix , 
those of prolate  shape w i l l  reor ien t  with long axes para l le l  to 
the maximum elongation d i rec t ion  whereas oblate bodies w i l l  ro ta te  
such that  th e i r  XY planes are perpendicular to the axis of  short ­
ening . Metapsephites of the study area have oblate c lasts  ly ing 
w i th in  Sg - Sg ,  consistent with th is  resu l t  whi le prolate  c las t  
long axes tend to pa ra l le l  Fg fo ld  axes.

In contrast , Gaal and Rauhamaki (1971)recorded X : Y : Z ra t ios  
of  nearly 100:1:1 fo r  c lasts  in the Savonlinna conglomerate southwest 
of Haukivesi shear zone (see Map 1) and found the l inea t ion  thus 
defined to be commonly divergent to contemporary fo ld  axes; the 
elongation l inea t ion  was consequently regarded as pa ra l le l  to the 
tectonic  t rans la t ion  d i re c t ion .  This in te rp re ta t ion  is of p a r t i c u la r  
relevance as the Savonlinna conglomerates are only 30 - 40 km south 
-west of the present study area and the elongation l inea t ion  trends 
v i r t u a l l y  pa ra l le l  to Lg.

Clasts in the study area are less prolate  than at Savon­
l inna though th is  is d i f f i c u l t  to establ ish q u an t i ta t i v e ly  since 
c l a s t :  matr ix v iscos i ty  contrasts and i n i t i a l  c las t  shapes are 
unknown. Furthermore, the lack of su itable exposures fo r  measuring 
a l l  three pr inc ipal  c las t  dimensions precludes p lo t t in g  of data on 
conventional FI inn diagrams or performing s t ra in  analyses using 
Dunnet's (1969) method. Nevertheless, in Figure 21 a , l im i ted
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resul ts  are presented from clasts  measured para l le l  and perpen­
d icu la r  to the composite Sg-Sg f o l i a t i o n  and at a consistent 
angle to Lg , enabling a comparison of the re la t i ve  dimensions 
of d i f fe re n t  kinds of  c las ts .  Intrabasinal clasts are the most 
elongate, p a r t i c u la r l y  with increasing size, in contrast  to the 
more equidimensional g ran i to id  and vein quartz pebbles. This 
probably re f le c ts  an o r ig i n a l l y  more tabular c la s t i c  shape fo r  
intrabasinal  c lasts  although they may also have deformed more 
read i ly  than the more indurated and less anisotropic  pebbles 
of extrabasinal o r ig in .

Thus, re l ia b le  s t ra in  estimates need to consider i n i t i a l  
shape v a r ia t ion ,  although re la t iv e  dif ferences in f i n i t e  s t ra in  
from place to place may be compared with respect to a spec i f ic  
c las t  type. For example, f igu re  21 c shows gran i to id  and quartz- 
ose c las t  dimensions in a major Fg fo ld  hinge near Petaj ikko- 
k a l l i o  to be more equidimensional (measured perpendicular to Lg ) 
than those adjacent to the Kettamo th rus t  zone, suggesting that 
s t ra in  increases in proximity  to the th rus t  (compare Figures 31 
and 14 e , f  ).

Hence, evidence ex is ts  fo r  both a syn-sedimentary anisotropy 
and a superimposed tec ton ic  s t ra in  causing the short axes of  c lasts 
to be perpendicular to the Sg-Sg f o l i a t i o n ,  which is  the o r ie n t ­
at ion usual ly  associated with the XY plane of  the f i n i t e  s t ra in  
e l l ip s o id  (Hobbs and others 1976). Figure 21 b indicates that 
f la t ten in g  perpendicular to th is  plane (as recorded by the ra t io

Z / Y )  has been more substantial  than elongation w i th in  i t (a s  meas­
ured by the ra t io  Y /  X ) . That is , at th is  l o c a l i t y  , on a normal 
Fg limb at Pitkanurmi (Map 3) , clasts'  are more oblate than pro late ,  
though most g ran i to id  and a l l  graywacke clasts are to some extent 
elongate para l le l  to Lg as defined by syn-kinematic mineral growth 
and Fg fo ld  hinges .
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6 . 2 . V  Concluding remarks concerning o r ig in  of Lg

In studies advocating progressive reor ien ta t ion  of 
fo ld  axes in to  the maximum elongation d i rec t ion  (Sanderson 
1973, Escher and Watterson 1974, Bell 1978, Quinquis and 
others 1978, Will iams 1978), zones of very high s t ra in ,  and 
t y p ic a l l y  my lon i t ic  are inva r iab ly  described. Although such 
structures are present w i th in  the study area, as are examples 
in which contemporary fo ld  axes are perpendicular to Lg min­
eral l inea t ions ,  abundant, wel l-preserved sedimentary 
st ructures ind icate that  such intense stra ins are not 
ubiquitous and that  in some cases, Lg might not correspond 
to maximum elongation d i rec t ion  and tectonic  t rans la t ion  
d i rec t ion .  S im i la r ly  , Ehlers (1976) has found deformed 
markers to be very prolate  in the hinge of the Kumlinge 
synform (south- west Finland) but oblate elsewhere, ind ica t ing 
homogeneous f la t te n in g  on fo ld  l imbs. An explanation fo r  such 
observations was provided by Beutner (1978) who par t i t ioned 
f i n i t e  s t ra ins  in to  incremental components, of which the e a r l ie r  
ones seem applicable to Group 3 (and also Groups 1 and 2)  
deformation.

1) Synsedimentary and diagenetic compaction accompanies 
volume loss,producing oblate e l l ipso ids  whose major and i n t e r ­
mediate axes are contained w i th in  l i t h o lo g ic a l  layering.

2) Layer-paral le l  shortening produces prolate e l l ipso ids  
due to extension perpendicular to compression d i rec t ion .

3) Buckle fo lds develop with fo ld  hinges pa ra l le l  to
the ex is t ing l inea t ion  defined by pro late e l l ipso ids  (c f .  Bell 1978)

4) Under shear s t ra in ,  e a r l ie r  structures may be transposed 
and reor iented, p a r t i c u la r l y  in proximity to mylonite zones.

This sequence seems general ly analogous to proposed Group 
3 (and e a r l ie r )  s t ruc tura l  development but before d e f in i t i v e  
conclusions can be drawn, more detai led studies are necessary, 
p a r t i c u la r l y  of mylonite fabr ics  and systematic s t ra in  analysis 
of both deformed c lasts  and syn-kinematic porphyroblasts.
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6.3 ORIGIN OF GROUP 4 STRUCTURES

Although they are of much smaller scale, F^ fo lds in the 
study area have a geometry analogous to the larger structures 
described from adjacent regions by Gaâl and Rauhamaki (1971), 
Parkkinen (1975) and Halden (1982). These are NW-trending duc t i le  
shear zones with cons is tent ly  dextral horizontal components of  
displacement which have deformed and contro l led the emplacement of 
diverse syntectonic in trus ions (Map 1). I t  is therefore apparent 
that  Group 4 st ructures re s u l t  from a deformation tha t  was homo­
geneous in a regional sense but showing substantial  s t ra in  var ia t ions  
at more local scales. Re la t ive ly  intense s t ra in ,  such as w i th in  the 
Suvasvesi and Haukivesi shear zones, is a t t r ibu ted  to dextral t rans­
current fa u l t in g  along the south-west margin of  the Archaean craton 
(Gaal 1972). Between such zones, the crust at depth may have re­
mained r e la t i v e l y  r i g i d  but such a postulate would be d i f f i c u l t  to 
sustain against evidence fo r  more duc t i le  behaviour, such as ind ica­
t ions tha t  Archaean basement i t s e l f  underwent syntectonic pa r t ia l  
melt ing.

Weaker, NE-trending a n t i t h e t i c  conjugate zones occur ra re ly  
in the study area, as elsewhere (Gaal and Rauhamaki 1971, Parkkinen 
1975, Koistinen 1981) and provide a fu r the r  ind ica t ion of the nature 
of  Group 4 deformation. According to stress-system analyses by both 
Gaal (1972) and Parkkinen (1975), these conjugate geometries are 
more l i k e l y  to resu l t  from pr inc ipa l  stress oriented N-S than from 
a simple shear couple resolved in a north-wester ly d i rec t ion  across 
the whole region (Figure 22). A co ro l la ry  of th is  deduction, com­
bined with the evidence fo r  transcurrent displacements, is  that 
Og would have been v e r t i c a l ,  and the occurrence of such a stress 
system in associat ion with syn-tectonic magma in t rus ion  is pert inent 
to discussion of overal l  deformational h is to ry  (see Section 6 . 6 ).
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6.4 ORIGIN OF GROUP 5 STRUCTURES

Although Group 5 structures of d i f fe re n t  magnitude have 
s im i la r  a t t i tude  and s ty le ,  deformational processes a t  d i f fe re n t  
scales may have varied. A l i k e l y  example of th is  is  afforded by 
Group 5 microstructures resembling the crenulat ion cleavages 
described by Gray (1979) and White and Johnston (1981), f o r  which 
an o r ig in  by micro fo ld ing,  so lu t ion t rans fe r  and re c ry s ta l l i z a t io n  
is advocated. This obviates the need to postulate simple-shear 
displacements along cleavage domains, although i t  does not preclude 
subsequent shear s t ra ins  from being accommodated p re fe ren t ia l ly  
w i th in  cleavage planes. Hence, although they are geometrical ly  
s im i la r  to macroscopic shear zones, microstructures do not 
necessari ly correspond to them mechanist ica l ly.

This conclusion leads to problems in in te rp re ta t ion  of  Group 5 
s t ruc tures,  such as whether the lack of evidence fo r  shear s t ra in  
at microstructura l leve ls in f a c t  precludes simple shear as a 
viable mechanism in generating major Group 5 features. For instance 
i t  could be argued that  large-scale structures re s u l t  from the 

regional accumulation of apparent-o ffset increments across ind iv idual  
cleavage domains tha t  developed during homogeneous pure shear 
f la t te n in g  (and hence representing the XY plane of the f i n i t e -  
s t ra in  e l l i p s o id ) .  A co ro l la ry  of  th is  contention is  tha t  the 
volumetric abundance of cleavage domains should re la te  d i r e c t l y  to 
the amount o f  f i n i t e  s t ra in .  Although such a re la t ionsh ip  is im­
prac t ica l  to examine qu a n t i ta t i v e ly  at  a regional scale, no c lear 
ind ica t ion  of more intense Sg cleavage development exists  w i th in  
the Orivesi shear zone or near the Haapajarvi f a u l t  zone. Rather, 
both of these major st ructures seem bet ter  interpreted as duc t i le  
fau l ts  or shear zones o f  normal sense, which is  also consistent 
with the vergence of  most mesoscopic Fg fo lds .  This in te rp re ta t ion  
could be reconciled with that based on microstructures i f  simple 
and pure shear s tra ins  were consecutive rather than simultaneous or .
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i f  crenulat ion cleavages derived by buckl ing or so lu t ion - t rans fe r  
processes are not exactly pa ra l le l  to major duc t i le  shear zones or 
fa u l ts  (so tha t  the XY plane of the s t ra in  e l l i p s o id  is  not a shear 
surface). This may be d i f f i c u l t  to discern in zones of  re la t i v e l y  
high s t ra in ,  but near the Haapajarvi f a u l t ,  at Kettamo, Sg crenula- 
t ions swing from para l le l ism with the main N -s t r ik ing  zone in to  a SSW 
trend, t y p i c a l l y  with more widely-spaced crenu la t ions. S im i la r ly ,  
the Orivesi shear zone s t r ikes  almost due N but mesoscopic Fg fo lds 
and crenulat ions can plunge between SSW and SW.

A complex dynamic analysis of such structures cannot be 
attempted here, but the simplest in te rp re ta t ion  of the major ' normal- 
sense' Group 5 shear zones would have nearly ve r t ica l  as a resu l t  
of  i s o s ta t ic  reequ i l ib ra t ion  driven by the buoyancy of buried 
r e la t i v e l y  low-density Archaean basement or large amounts of syn­
kinematic f e l s i c  magma. At a smaller scale the occurrence of quartz 
veins perpendicular to Fg and occasional ly w i th in  Sg may also 
s ig n i fy  tha t  was oriented almost v e r t i c a l l y  (Figure 22).

6.5 ORIGIN OF GROUP 6  AND YOUNGER STRUCTURES

The paucity of  data in h ib i t s  in te rp re ta t ion  of these la te r  
s t ructures,  although fa u l ts  correlated with Sg at Hammaslahti have 
a dextral sense of displacement and may corre late with NE-trending 
a n t i th e t i c  conjugate fa u l ts  described from Kerimaki and Haukivesi 
by Gaal and Rauhamaki (1971) and Parkkinen (1975). The sense of  
displacement on these fa u l ts  is  e f fe c t i v e ly  the opposite to that  
of Group 4 s t ructures.

No consistent evidence fo r  the o r ig in  of Group 7 structures 
was found and uncerta in ty  ex is ts  over the nature of Sy i t s e l f :  i f  
i t  were an extensional ' f r a c tu re '  cleavage, a d i f f e re n t  stress 
f i e l d  would be required than i f  they resulted from so lu t ion - t rans fe r  
processes. In the former case, could have been w i th in  Sy; in the 
l a t t e r  case perpendicular to i t .
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6 . 6  INTEGRATION OF DEFORMATIONAL HISTORY

I t  is  possible fo r  successive deformations to be completely 
d i s t i n c t  and independent from each other - Svecokarelian Group 3 
structures superimposed upon Archaean basement structures are 
pert inent examples of  th i s .  On the other hand, instead of envisaging 
complex deformation as the re su l t  o f  various unrelated stress 
systems, i t  is  possible to consider the observed s truc tura l  sequence in 
terms of an area's evolving response to a more or less constant, 
ex te rna l ly  imposed system of  forces. Accordingly, the fo l low ing ,  
speculat ive ou t l ine  of deformational h is to ry  adopts the premise of  
re la t i v e  changes in the magnitudes of pr inc ipa l  stress axes whose 
va r ia t ion  in o r ien ta t ion  is less s ig n i f i c a n t .  Although geological 
factors  are suggested that  might have led to stress va r ia t ion s ,  the 
nature of  t ra n s i t ion a l  stages and the reason why superimposed groups 
o f  st ructures are so d i s t i n c t  from each other remains unknown. 
Accepting the above premises and possible permutations the fo l lowing 
summary of  Svecokarelian deformation in the study area is  ventured.

( i )  Group 1 fa b r ic  development may have been i n i t i a t e d  during 
la te r  stages of deposit ion in the Savo province, as a re su l t  of 
increasing l i t h o s t a t i c  load, taking o,|, as v e r t i c a l .  There is  no 
d i re c t  evidence from the study area ind ica t ing  the p o s s ib i l i t y  of 
s ig n i f ic a n t  horizontal s t ress,  causing substantial  horizontal d is ­
placement but Koistinen (1981) recognizes a northwards t rans la t ion  
in the Outokumpu ore bodies at th is  stage of  deformation. There is 
no record o f  corresponding deformation in the Hoytiainen province.

i i )  The nature of  major Group 2 st ructures indicates sub­
s tan t ia l  tectonic  t rans la t ion  and also s t ra in  accommodation by 
recumbent fo ld ing ;  s t ra t ig raph ica l  younging c r i t e r i a  and rare fo ld  
hinge measurements (trending ENE-E) suggest t rans la t ion  in a NNW - N 
d i rec t ion  onto the Archaean craton wi th possible stress configura­

t ions shown in Figure 22.
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In the Hoytiainen province. Group 2 structures are less 
s ign i f ica n t  and have been recognized as narrow zones of transposi­
t ion  or isoc l ina l  recumbent fo lds .  This appears consistent with 
deformation in i t i a t e d  in the south and west, and prograding north­
wards, affect ing the Savo province.

i i i )  Group 3 structures are seen as products of continuing 
shortening along a N - NNW vector with Lg in most cases representing 
synkinematic mineral growth or the intersection of  Sg with pre­
ex is t ing elements (Figure 22). Evidence exists in h igh-s tra in  zones 
fo r  pa r t ia l  reore in ta t ion of Lg towards the proposed tectonic trans­
la t ion  (or maximum pr incipal elongation) d i rec t ion .  At higher 
s tructura l  levels w i th in the Savo province recumbent moderately 
open to isoc l ina l  folds are charac te r is t ic  but at deeper leve ls ,  
mylonites occur, suggesting more intense shear s tra in  nearer the 
basement-cover in te rface. A l te rna t ive ly ,  s t ra in  may have been ac­
commodated by shear translat ions ( " tec ton ic  stacking") and bulk 
f la t ten ing  ( fo ld ing  and layer-para l le l  shortening) at d i f fe ren t  
stages of deformation (see Bell 1978). Indeed, l im i ted  evidence 
from pre- and syn-Sg quartz veins supports the notion o f  more 
homogeneous deformation fol lowed by ro ta t ional  s t ra in ,  associated 
with mylonite development and thrust ing.

Group 3 structures form the dominant features of the Hoytiainen 
province, but are almost everywhere reoriented to some extent by 
younger structures.

iv )  Af ter  Group 3 s tructura l  development, i t  is possible 
that the regional N-directed maximum pr incipal stress diminished 
in an absolute sense. However as long as i t  remained greatest in 
a re la t ive  sense, the development o f  Group 4 structures can be 
explained by a concomitant increase in the ver t ica l  component of 
stress such that  i t  changed from being the least to the intermediate 
pr incipal  d i rec t ion  (Figure 22). This s i tua t ion is consistent with
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appropriate trend and c h i r a l i t y  fo r  Group 4 s t ructures. Geological ly 
r e a l i s t i c  factors  f o r  a steady increase in the ve r t ica l  stress 
component are the increasing metamorphic grade of the overthrust 
craton margin (thermal climax between and Sg) and the abundance 
of  mafic to intermediate syntectonic intrus ions found in the Suvas­
vesi and Haukivesi shear zones.

v) The geometry of  Group 5 structures is consistent with a 
continued increase in v e r t i c a l  stresses, eventual ly exceeding the 
horizontal N-S pr inc ipa l  component - the l a t t e r  may in fa c t  have 
s tead i ly  decreased in an absolute sense as well (Figure 2 2 ).
Relat ive u p l i f t  in the east with respect to the west may be cor­
re la ted with a westwards increase in the abundance of synorogenic 
intrusions and c l imact ic  metamorphic grade (Korsman and others 1984). 
This suggests tha t  in the study area, u p l i f t  associated with Group 5 
structures was an is o s ta t ic  response to the buria l o f  r e la t i v e l y  
low-density Archaean basement. An essent ia l ly  r ig id -b lo ck  response
is  implied, rather than g rav i ta t iona l  re -e q u i l ib ra t io n  by p a r t i a l - 
melting and in t rus ion ,  possibly due to a combination of i n s u f f i c ie n t  
metamorphic grade and the r e la t i v e l y  anhydrous nature o f  the mica- 
poor Archaean gneisses.

v i )  I t  is more d i f f i c u l t  to integra te the youngest structures 
in to  th is  deformational scenario. The stress analyses of  Gaal and 
Rauhamaki (1971) and Parkkinen (1975) portray the N-S horizontal 
component as Cg, wi th an E-W and ve r t ica l  Og, during the deforma­
t ion  correlated with the development of Group 6  s t ructures.  This is 
probably best in te rpreted as representing a concomitant decrease in 
both ve r t ica l  stresses (due to attainment of g rav i ta t iona l  and 
thermal re -e q u i l ib ra t io n )  and magnitude of the ex te rna l ly  imposed 
forces i n i t i a l l y  responsible fo r  deformation. In te rp re ta t ion  of  Group 7 
structures is  subject to a convincing explanation of t h e i r  o r ig in .



FIGURE 21 : DEFORMED METAPSEPHITE CLASTS

a Varie ty of c las t  types measured in hor izontal  exposures,
perpendicular to Sg-Sg f o l i a t i o n  and obl ique to Lg 
(Hammaslahti mine and Tikkala ra i lway s id in g ) .

b Dimensions of  g ran i to id  and graywacke c lasts measured w i th in  
Sg-Sg f o l i a t i o n  (using ra t io  Y / X )  and approximately perp­
endicular to Lg ( r a t io  Z / Y ) .  Granitoid c lasts are commonly 
pro late para l le l  to Lg ( ind icated by Y /  X < 1) whereas gray­
wacke clasts are inva r iab ly  so.

c Granitoid and quar tz i te  c lasts  measured perpendicular to Lg
show more evidence of  f la t te n in g  in the v i c i n i t y  of  the 
Kettamo th rus t  zone than in Fg normal limbs or fo ld  hinges.

In each diagram, diagonal reference l in e  indicates ra t io  of 
un i ty  ( ie .  equal values) fo r  abscissa and ord inate.
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FIGURE 22 : INTEGRATED DEFORMATIONAL HISTORY

Envisaged pr inc ipa l  stresses in re la t io n  to various stages of  
Svecokarelian deformation. Relat ive va r ia t ion  in magnitude of 
p r inc ipa l  stresses is emphasized, rather  than successive changes 
in o r ien ta t ion  o f  ex te rna l ly  appl ied forces,

( i )  Deposition occurred in extensional basin s e t t in g ,  wi th 

v e r t ica l  stress as maximum, due to increasing l i t h o s t a t i c  loading.

( i i )  Onset of  compressive deformation along an approximately 
northwards vector caused major horizontal t rans la t ion  and Fg 
recumbent fo lds .

( i i i )  Continued compression resolved along thrusts  and in Fg 
recumbent fo lds ,  My lon i t ic  zones ind icate high, shear s t ra in  due to 
increasing appl ied external stresses ( q i ) or decreasing v e r t ica l  
stress ( 0 3 ) ,  since shear stress

01 03
T =

( i v)  Increase in v e r t ica l  stresses resulted in Group 4 NW-
trending shear zones wi th dextral c h i r a l i t y  (such as Suvasvesi, 
Haukivesi),  Such an increase in v e r t ica l  stress corre lates wi th  
the regional metamorphic peak and major plutonism, and is  ascribed 
to thermal and g rav i ta t iona l  buoyancy,

(v) Continued increase in v e r t i c a l  stresses, in a re la t i v e ,
i f  not absolute sense is consistent wi th the geometry of  Fg fo lds  
and associated shear zones and is ascribed to i s o s ta t ic  u p l i f t  
induced by the negative buoyancy o f  Archaean basement buried 
beneath the overthrust  cover al lochthon.
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PART I I I  ; LITHOFACIES INVESTIGATIONS
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1 .  I N T R O D U C T I O N  TO L I T H O F A C I E S  S T U D I E S

1.1 DISCUSSION OF APPROACHES TO MAPPING

Absence of recognizable f o s s i l s ,  masking of  large areas 
of bedrock beneath lakes and Quaternary glacia l  deposits, and 
a complex deformational h is to ry  combine to preclude a 
stra ightforward determination of s t ra t ig raph ica l  and la te ra l  
facies re la t ions .  Nevertheless, observations from indiv idual 
exposures, and comparison with others in the v i c i n i t y  can be 
useful in a sense analogous to incomplete d r i l l  hole data, 
being essen t ia l ly  one-dimensional analyses of a three- 
dimensional e n t i t y .  Therefore, the most apposite manner in 
which to c la s s i f y  the l i th o lo g ie s  of the study area was to 
define read i ly  id e n t i f i a b le  l i tho fa c ie s  devoid of 
in te rp re ta t ive ,  s t ra t ig raph ica l  and temporal connotations. 
Though no constra ints are placed on t h e i r  d is t r ib u t io n ,  
most l i th o fa c ies  are confined to d iscrete s t ra to tec ton ic  
un i ts ;  the gamut of l i th o fa c ie s  recognized w i th in  each 
s t ra to tec ton ic  un i t  consti tu tes an assemblage.

1,2 USE OF THE TERM 'LITHOFACIES'

The term ' facies' is in widespread and val id  usage in 
a descrip t ive and also an in te rp re ta t ive  sense, to ind icate 
depositional processes and environments. This d u a l i t y  is 
evident in the fo l lowing d e f in i t i o n  from Mutti  and 
Ricci Lucchi (1975):

"A facies is a layer or group c f  layers showing 
l i t h o lo g i c a l ,  geometrical and sedimentological
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characters which are d i f fe re n t  from those of 
adjacent layers. A facies is considered to be 
the product o f  a spec i f ic  deposit ional 
mechanism or several re lated mechanisms 
operating at the same t ime."

While i t  is desirable that  recognit ion of a facies leads 
read i ly  to a process or environmental in te rp re ta t io n ,  not 
a l l  observed features are diagnostic of a p a r t icu la r  event or 
se t t ing ,  i f  indeed they are amenable to in te rp re ta t io n .  This 
l a t t e r  appl ies espec ia l ly  to metamorphosed, rec rys ta l l i zed  
sediments in which the only preserved parameter may be bed 
thickness (subject i t s e l f  to s t ra in  considerat ions) in ferred 
from gross changes in l i tho lo g y .

Hence the term ' l i t h o fa c ie s '  is employed here in a 
descr ipt ive sense s im i la r  to that  in the f i r s t  part of the 
d e f in i t i o n  quoted above, and is intended p r im a r i ly  fo r  f i e l d  
observation at outcrop scale. That i s ,  a single l i th o fa c ie s  
may describe a sequence of layers that  display a d i v e rs i t y  of 
d i f fe r in g  l i t h o lo g i c a l ,  geometrical and sedimentological 
features (where preserved), repeatedly interbedded, though 
not necessar i ly in a consistent pattern or sequence.
Diagnostic metamorphic minerals could also be included in 
the descr ip t ion,  where they re la te  to a p a r t icu la r  primary 
l i th o lo g y  (as fo r  example the d is t in c t i v e  t remol i te  
porphyroblasts of the Mulo l i t h o fa c ie s ) .

1.3 USE OF THE TERM 'ASSEMBLAGE'

This is preferred here to the term ' fac ies associat ion ' 
which connotes a genetic or environmental re la t ionsh ip
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amongst adjacent l i tho fa c ie s  (Reading 1978). Within the 
study area there is the l ike l ihood  of some l i th o fa c ie s  being 
in tectonic  rather than deposit ional jux tapos i t ion ;  
'assemblage' is  intended here to be an informal, nonexclusive 
term encompassing the l i th o fa c ie s  found in a s t ra to tec ton ic  
un i t .  Five such un its  are id e n t i f i e d  w i th in  the study area 
and hence f i v e  assemblages whose geographic d is t r ib u t io n s  are 
outl ined below, and displayed on Map 5,

1.4 DISTRIBUTION AND CHARACTERISTICS OF ASSEMBLAGES

1 .4 . i Pyhaselka assemblage

This occurs in the southern and western parts of the study 
area and extends to the north eastern shore of the lake 
Pyhaselka where i t s  margin is defined by the coarse c la s t i c  
Ni i t ty lahdenran ta t ie  and Sammallahti l i t h o fa c ie s .  There is 
also a region of mafic metape l i t ic  schists nearby at Ni va 
included w i th in  the assemblage from in fe rred s truc tura l  
c r i t e r i a ,  but the bulk of the assemblage is composed of the 
monotonous and homogeneousmetapsammitic schists of the 
Raakkyla l i th o fa c ie s .

1.4, i i  Oravisal 0  assemblage

This is present as a tectonic  window w i th in  the Pyhaselka 
assemblage at Oravisalo and possibly to the N at Liperinsa lo 
(based on the studies of Saksela, 1933). There are a number 
of d i s t i n c t  l i th o fa c ie s  associated with a l 1 ochthonous in l i e r s  
of Archaean gran i to id  gneiss, namely the Quarry and Kankaala 
l i tho fac ies  consist ing respective ly  of metapsephites and impure 
metaquartzi tes and the Oravisale post o f f ic e  l i t h o fa c ie s ,  com­
pr is ing metabasites or mafic metapel i tes.
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1 . 4 . 1 1 1  Kettamo assemblage

This is represented by a well -defined s t ra to tec ton ic  
un i t  between the Nii t ty lahdenrantat ie l i th o fac ie s  of the 
Pyhaselka assemblage and the Hammaslahti assemblage to the 
NE; i t  abruptly  juxtaposes the l a t t e r  as the hanging wall of 
the Kettamo th rus t  zone. The assemblage is characterized by 
well preserved deposit ional features w i th in  the coarse c la s t ic  
metasediments of the Kettamonniemi l i tho fac ies  and the more 
thinly-bedded Salonkyla l i t h o fa c ie s .  A small occurrence of 
g ran i to id  gneiss and metadoleri te is associated with coarse 
metasediments of obvious g ra n i t i c  provenance but t h e i r  
mutual re la t ions  are not apparent.

1 . 4 . ivHammaslahti assemblage

The most heterogeneous assemblage w i th in  the study area, 
th is  includes a large proport ion of calcareous, micaceous 
and s i l iceous metapeli te (Mulo and Kukkupaa l i t h o fa c ie s ) ,  
terrigenous metasediments, l o c a l l y  as thick-bedded coarse 
c la s t ic  deposits (T ikkala, K i1 pelankangas and Suhmura 
l i th o fa c ie s )  and ra ther more mafic metasediments and possible 
metatuffs (Rauansalo and K a l l i o ja r v i  l i t h o fa c ie s ) .  I t  also 
contains the Hammaslahti Cu-Zn ore bodies.

1 . 4 . V  Kiihtelysvaara assemblage

This was comprehensively described by Pekkarinen (1979a) 
and was only b r i e f l y  examined during the course of th is  study, 
p r im ar i ly  fo r  comparative purposes as the region contains a 
p a r t i c u la r l y  well preserved and complete succession of 
Lower Proterozoic s t ra ta .  Relat ionships with Hammaslahti 
assemblage l i th o fa c ie s  have not been determined.
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2. DEPOSITIONAL BASEMENT TO LOWER PROTEROZOIC SEQUENCES

2.1 RECOGNITION, DISTRIBUTION AND SIGNIFICANCE OF ARCHAEAN
BASEMENT

Granitoids and gneisses are widespread throughout 
easternmost Finnish Karelia and many have been i s o to p ic a l l y  
dated as la te  Archaean in age (Kouvo & T i l to n  1966). These 
have intruded a yet o lder,  diverse sequence of metavolcanic 
and metasedimentary l i th o lo g ie s  whose base has not been 
id e n t i f ie d  (Saxen 1923, Nykanen 1971b). I t  is demonstrable 
in numerous places tha t  a l l  these Archaean l i th o lo g ie s  are 
unconformably overla in by Proterozoic metasediments and hence 
that they were exposed as source te r ra ins  and as deposit ional 
basement during Early Proterozoic time.

The major unconformity is wel l documented and i l l u s t r a te d  
by Pekkarinen (1979a) in his study of the Proterozoic sequence 
between Ki ihtelysvaara and Var ts i la  on the Soviet border. 
Although steeply dipping, i t  has not been subs tan t ia l ly  
disturbed te c to n ic a l l y  and f requent ly  preserves a t ra ns i t io n  
from p r is t in e  basement through weathered horizons (now 
metamorphosed palaeosols) to metasediment derived wholly from 
the underlying basement (see Pekkarinen 1979a p. 29). For 
fu r the r  descript ion of l i th o lo g ies  and th e i r  d is t r ib u t io n  the 
reader is re ferred to both Pekkarinen's study and those of 
Frosterus and Wilkman (1920) and Nykanen (1971b).

Further west ( inc luding the area of the present study), 
gneissose grani to ids are exposed as i n l i e r s  in s truc tura l  
culminations, surrounded by Proterozoic metasediments; thrusted 
tectonic contacts are common. (Frosterus & Wilkman 1920,
Gaal 1964, Park & Bowes 1983). Fortunately, unconformable
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re la t ions between the two l i th o lo g ie s  have also been preserved, 
a f f i rm ing that  these gran i to id  gneisses represent deposit ional 
basement and not the more h ighly  metamorphosed var iants of 
Proterozoic metasediments.

One such basement i n l i e r  is found w i th in  the f i e l d  area 
on the island Oravisalo, and a small, somewhat contentious 
occurrence is present near Hammaslahti, above the Kettamo thrus t

2.2 ORAVISALO BASEMENT LITHOLOGIES

Gneissose grani to ids crop out w i th in  a crescentic be l t  
4 km in length in the SE part of Oravisalo and appear to const i tu te  
at least  four thrusted tectonic  un its  that protrude through 
Proterozoic metasediments of the Raakkyla l i t h o fa c ie s .

The largest group of outcrops is near the low ridge of 
Kakkari ; immediately to the N and W metasediments of the 
Raakkyla l i th o fa c ie s  are juxtaposed. Though the contact is not 
exposed, the lack of  a coarse c la s t ic  basal facies in the 
metasediments nearest the basement outcrops suggests an 
intervening th rus t  ra ther than an unconformity.

Li tho log ies dominated by quartz and feldspar are well 
exposed in a b lu f f  at l o c a l i t y  73.4 16.4 and at 74.2 17.2. These 
vary from medium grained and equigranular to fo l ia te d  with 
extremely elongate quartz grains and sporadic feldspar augen, 
invar iab ly  smaller than 1 cm. In addit ion to th is  intense, in 
places mylon i t ic  f o l i a t i o n ,  planar stromatic migmatites are 

present with a l te rna t ing  leucosome and melanosome layers 
several cm th ick  ( F i g u r e  23 a). Only ra re ly  are there massive 

developments of more mafic gran i to id  material (F igure23 e).
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Homogeneous gran i to id  gneiss and stromatic migmatites 
a l ike  are associated wi th concordantly deformed mafic bands 
a t ta in ing  30 cm in thickness, and having mineralogy frequently  
dominated by re trogressive b io t i t e  (Figure 23d). The only 
obviously transgressive neosome id e n t i f ie d  occurs as 
quar tz- fe ldspar veins less than 5 cm th ick  and these too 
var iously exh ib i t  fabr ics  from granular to elongate (Figure 23c).

An arcuate topographic depression without exposures may 
re f le c t  a l i t h o lo g ic a l  va r ia t io n ,  or s t r u c tu ra l l y  weaker 
horizon that  separates the basement at Kakkari from the second 
major group of gneissic g ran i to id  outcrops near Oravisalo quarry. 
At least three thrusted tectonic  units  are in fe rred from the 
presence of two in te rd ig i ta te d  metapsephite horizons, one 
having been deposited unconformably on gneissic gran i to id  
basement as seen in a quarry at l o c a l i t y  75.7 15.8,(Figure 2 ), 
Using the combined descr ip t ive nomenclature of Mehnert (1968) 
and Johannes (1983) these basement l i th o lo g ies  are best 
described as stromatic migmatite with mesosome predominating 
and consist ing of medium to coarse-grained homogeneous granite 
and granodior i te (Figure 23b). Also present are f e l s i c  leuicosomes 
less than 1 0  cm th ick  which from th e i r  colour contrast  with 
the mesosome serve to delineate fo ld  morphology and also 
small d is locations (Figure 3e),

In addi t ion to these well defined l i th o lo g ic a l  a l te rnations 
are more widely spaced d i f fuse leucocra t ic zones often 
accompanied by abundant sulphide mineral izat ion and c lots  or 
selvedges of b i o t i t e  porphyroblasts (Figure 23f  ). In the quarry 
area mylon i t ic  or ca tac las t ic  textures are only expressed near 
the unconformity in l i tho lo g ie s  which are notably r icher  in 
muscovite. A fu r the r  l i th o lo g y  was exposed in 1981 but e n t i re ly  
removed by subsequent quarrying. This was of th in  discordant
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dykes, dark in colour due to an abundance of very f ine  grained 
b io t i t e .  Unfortunately th e i r  in t rus ive  re la t ions with respect 
to the unconformity could not be ascertained.

S t ru c tu ra l ly  below the quarry, at l o c a l i t y  75.715.9there 
occurs another metapsephite horizon and below th is  a va r ie ty  
of amphibole g ran i to id  tha t  tends to be more gneissose than the 
quarry l i tho lo g ie s  and also less d i f fe re n t ia te d  in to  leucosome 
and mesosome; nei ther was any discordant neosome apparent. A 
mylon i t ic  f o l i a t i o n  is pervasive at l o c a l i t y  75.2 15.9 with 
ind iv idual quartz grains forming lamellae up to 1 0  cm long 
para l le l  to the pr inc ipa l  tectonic  l inea t ion .

Some of  the more f e l s i c  horizons are p a r t i c u la r l y  
d i f f i c u l t  to d is t ingu ish  from deformed meta-arkose unless the 
l a t t e r  contains obvious coarse d e t r i tu s .  D is t i n c t l y  more mafic, 
impersistent amphibol i te bands are d is t r ibu ted  throughout the 
sequence, as in the basement at Kakkari. They d i f f e r  from 
the metadykes in the quarry both in th e i r  mineralogy and in th e i r  
concordance with the major gneissosi ty , rather than transection 
of i t .

2.3 BASEMENT NEAR HAMMASLAHTI

Immediately above the Kettamo th rus t  are two adjacent 
exposures consist ing of f e l s i c  gran i to id  gneiss and 
metadoleri te, f i r s t  located by Pekkarinen (1979b) a f te r  the 
recognit ion of g ra n i t i c  de t r i tus  in nearby coarse c la s t ic  
metasediments (Kettamonniemi l i th o fa c ie s  of th is  study). A 
massive leucocra t ic ,  equigranular l i th o lo g y  consti tu tes the 
bulk of both exposures with the only neosome material being 
d i s t i n c t l y  discordant dark smoky quartz veins and somewhat 
th inner and paler quartz veins that  are concordant with and 
help delineate folds w i th in  the g ran i to id  gneissosity.
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The middle part  of the exposure at 95.8 27.1 consists 
however of a metadoleri te un i t  over 20 m th ick .  The central 
part shows evidence of f rac tu r ing  and a weak crenulat ion 
sch is to s i ty  and preserves a fab r ic  of randomly oriented 
amphibole prisms up to 2  mm long in a fe ldspathic groundmass.
As both margins are approached a gneissose fab r ic  becomes 
increasingly  evident: i t  is  conformable with the contact
i t s e l f  and is present there as th in  leucocra t ic  to melanocratic 
a lte rnat ions depending upon amphibole content.

The nature of the contact i t s e l f  and temporal re la t ions 
of the metadoleri te with respect to gneiss development in the 
enclosing g ran i to id  is unclear. I t  is worth noting however 
that  discordant metadoleri te in trus ions are common w i th in  the 
basement at Ki ih te lysvaara (Nykanen 1971b) and the basement 
i n l i e r  at Sotkuma to the N (Huhma 1975).

Though cor re la t ion  of these Kettamo exposures with 
Archaean basement l i th o lo g ie s  is not in dispute, th e i r  
re la t ionsh ip  with associated metasediments is problematical;  
the p o s s ib i l i t y  of them being large glacigenic e r ra t ic s  needs 
to be examined. Evidence against the exposures being in s i tu  
could be adduced from the fac t  tha t  no unconformity is seen and 
attempts to excavate between the gneiss and the nearest abutt ing 
metasediments (Pekkarinen 1979b) ind icate that  the l a t t e r  
belong to an e r ra t i c  block some 10 m across. Nevertheless, 
when taken in concert there are several l ines of reasoning 
leading to the conclusion tha t  the exposures do represent 
outcrops of bedrock. F i r s t l y ,  exposures are an order of 
magnitude larger than any other e r ra t ic  blocks encountered; 
boulders of gneissic granite w i th in  g lac ia l  deposits and 
metapsephites of the Kettamonniemi l i tho fa c ie s  seldom exceed
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1 m in diameter. The nearest known exposures of  basement 
are 20 km to the NW at Sotkuma, along the most recent 
d i rec t ion  of ice movement, and a s im i la r  distance to the 
E near Ki ih te lysvaara. I f  the Kettamo basement rocks were 
indeed transported such a distance i t  remains s t i l l  to

( 1 ) explain the seeming absence of other large 
e r ra t ic  blocks, and

( 2 ) dismiss as coincidence the fac t  that these two 
surviving blocks were f i n a l l y  deposited immediately 
above a major th rus t  in association with a re s t r ic ted  
development of basement-derived coarse c la s t ic  deposits.

From th is  evidence, the gneiss is interpreted as 
an isolated te c to n ic a l l y  incorporated enclave of Archaean 
basement, and i t s  existence is of s ign if icance to 
discussions of Proterozoic sedimentation and subsequent 
deformational events.



FIGURE 23 : ARCHAEAN BASEMENT LITHOLOGIES

Stromatic migmatite. The white quartz vein and open f lexure 
above the hand lens are ascribed to Svecokarelian Group 3 
deformation. (Oravisalo 74.2 17.2).

Stromatic migmatite with homogeneous grey mesosome and thinner 
leucosomes enabling small folds and dis locations to be 
recognized. (Oravisalo 75.7 15.8).

S l ig h t ly  discordant equigranular f e l s i c  neosome with b i o t i t e  
selvedges possibly cons t i tu t ing  melanosome. Mesosome, or host 
l i th o lo gy ,  is a typ ica l  banded gneiss. Natural size.
(Oravisalo 74.2 16.9).

Fine-grained metadykes, now rich in b io t i t e ,  discordant with 
respect to banding in stromatic migmatites. (Oravisalo 75,7 15.8)

Homogeneous medium to coarse-grained gneiss considerably 
more mafic than is usual fo r  Oravisalo basement. Quartz 
and associated buckl ing are considered to be products of Group 3 
Svecokarelian deformation, unrelated to gneiss development 
(Oravisalo 73.6 16.9).

I r regu la r ,  d i f fuse  leucosome with th in  seams r ich in b io t i t e  
porphyroblasts and sulphide minerals, transecting the main 
gneissosity. (Oravisalo 75,7 15.8)
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3. LOWER PROTEROZOIC LITHOFACIES

3.1 ORAVISALO ASSEMBLAGE

3.1.1 Oravisalo quarry l i th o fa c ies
D is t r ibu t ion  and reference exposures:

At l o c a l i t y  75.8 15.9, 2 km N of Oravisalo post o f f ic e ,  
a conglomerate horizon is present between two thrusted in l i e r s  
of Archaean g ra n i t i c  gneiss. The upper th rus t  sheet i t s e l f  
preserves an unconformity, in turn overla in by another 
metapsephite, well exposed nearby in a recently  enlarged 
quarry. The two conglomerates are 1i th o lo g ic a l l y  d i s t i n c t  
from each other,  and ne ither were encountered elsewhere.

Depositional units and s t ruc tu res :

Lithofacies A (between the two gneiss thrust  sheets) 
yielded no younging c r i t e r i a ,  unless the gran i to id  cobble in 
Figure 24 b is interpreted as a drop stone (see discussion 
below). The exposed sequence consists of  several meters of 
micaceous schist overla in by 3-5 m of  arkosic metapsammite.
The meta-arkoses appear very s im i la r  to the more f e l s i c ,  
massive gran i to id  against which they are te c to n ic a l l y  
juxtaposed, and c lear d iscr im ination between them is some­
times only possible where d i s t i n c l y  coarser gran i to id  clasts 
are present, or more p a r t i c u la r l y  mafic c las ts ,  since no 
mafic xenol i ths were observed in the grani to ids. Bands of 
amphibol ite are seen however and th e i r  weathered products 
may be present in the meta-arkose as clasts a t ta in ing  1  m 
in maximum dimension. Amphibole porphyroblasts are also 
common throughout the meta-arkose and may denote metamorphosed 
palaeosols, such as recognized in s im i la r  contexts, mantling 
basement gneiss at Sotkuma (Gaal and others 1975), and 
Kiihtelysvaara (Pekkarinen 1979a).
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Granitoid c lasts  seldom exceed 10 cm in s ize,  granules 
and f in e r  grains being ubiquitous and only s l i g h t l y  f in e r  than 
equivalent mineral types in the g ra n i t i c  gneiss. Deformation 
and re c ry s ta l l i z a t io n  have obscured the o r ig ina l  grain shapes 
but fo r  pebbly c las ts ,  rounding and spher ic i ty  is general ly 
low; mafic c lasts  tend to be more elongate which may be due 
in part to r e la t i v e l y  higher d u c t i l i t y  during deformation. 
Obvious deposit ional features are also lacking, apart from the 
e r ra t ic  d is t r ib u t io n  and poor sort ing of coarser clasts 
(F igure24 a) and interbedding of meta-arkose layers with 
somewhat be t te r  sor t ing ,  lacking pebbly de t r i tus .

Lithofacies B is much easier to recognize as a 
metasediment because the matr ix enclosing pebbles is consider­
ably f iner-gra ined and r icher  in b i o t i t e  than e i the r  the 
clasts or the immediately underlying basement gneiss,
(Figure 24). An unconformity appears to be represented and 
preserved in tac t  although l im i ted  displacement is possible, 
given the p la ty ,  sheared nature of the uppermost basement 
gneiss.

Along some 20 m of section th is  basal metapsephite does 
not exceed 50 cm in thickness and lo c a l l y  clasts are very 
sporadic. Clasts measure less than 10 cm in maximum dimension 
and a l l  are of gneissic or equigranular f e l s i c  g ran i to id ,  
c lose ly  resembling subjacent basement l i th o lo g ie s .  Sections 
para l le l  to the major tectonic l inea t ion ,  as in Figure 24e 
and f ,  show correspondingly elongate c las ts .  This seems to 
have been tectonic in o r ig in  since sections perpendicular to 
this di rect ion reveal c las t  cross-sections of lower ecce n t r ic i ty  
and less alignment of long axes.
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The major i ty  of c lasts  are subangular and i t  should not be 
assumed that the metapsephite represents a sedimentary deposit 
and not a d i f fe re n t ia te d ,  metamorphosed palaeosol. The 
presence of some rounded clasts (Figure 24c, e) and the fac t  
that the metapsephite matr ix is ind is t ingu ishable from the 
immediately overly ing metapel i tes suggests however tha t  i t  is 
a c la s t ic  deposit. The strongly  sheared, uppermost part of 
the basement is markedly r icher  in c h lo r i te  and p a r t i c u la r l y  
muscovite than that  fu r the r  below the unconformity. This 
d i f ference could be tectonic in o r ig in ,  as with phy l Ion i te  
development but conversely, shearing may have been located 
p re fe re n t ia l l y  in th is  horizon as i t  already contained a 
higher proport ion of phyl lo.sil icates as a resu l t  of 
weathering and pedogenesis.

These metapsephites resemble a more extensive sequence 
mapped by Saksela (1933) in an a n t i c l in a l  culmination some 
12-15 km to the N. At Torohvenniemi, towards the eastern 
margin of th is  domal structure a poorly sorted arkosic 
metabreccia occurs, containing angular g ran i t ic  fragments 
and larger o r thoquar tz i te clasts up to 30 cm across 
(Figure 28 e, f ) .  Although Saksela described " s a t ro l i t h s "  
on Ni inikkosaari in the west of the area, as being t rans i t iona l  
in to  gneissic gran i te ,  a l l  are interpreted here as more 
schistose metapsephites. At l o c a l i t y  69.6 29.5schistose 
metapsephites and meta-arkoses are quite c lea r ly  interbedded 
with massive metapsammites ind is t ingu ishable from those of 
the Raakkyla l i t h o fa c ie s ,  a f f i rm ing  th e i r  sedimentary o r ig in .

3 .1 . i i  Kankaala l i th o fa c ies

D is t r ibu t ion  and reference exposures:

Schistose metaquartzi te and meta-arkose are seen in an 
arcuate l ine  of outcrops, best exposed at 74,815.4 74,7 15.2



- 90 -

on the property “ Kankaala" and on the Liperi-Raakkyla road 
at l o c a l i t y  75.3 15.1. Southwards and probably s t ru c tu ra l l y  
below occurs the Oravisalo post o f f i c e  l i th o fa c ies  whereas to 

the N are gran i to id  gneisses upon which the metaquartzites 
are e i the r  th rus t  or unconformable.

The very high quartz content, though only sometimes 
evident as d e t r i t a l  rather  than deformed igneous grains, 
and the greater abundance of muscovite and p y r i t e ' (w i th  
accompanying sulphurous odour) best d is t ingu ish the l i th o fac ie s  
from the f e l s i c  g ran i to id  gneisses of the basement.

The extent of metamorphic re c ry s ta l l i z a t io n  is not 
clear but i t  appears that  in places an almost my lon i t ic  
fab r ic  has developed from a p r o to l i t h  of fe ldspathic quar tz i te ,  
containing granules of both quartz and feldspar up to 6  mm 
across. Matrix content would have been low, re f lec ted in 
the present overal l  dearth of mica (Figure 24g, h ) .

3 . l . i i i .  Oravisalo post o f f i c e  l i tho fac ies

D is t r ibu t ion  and reference exposures:

This was represented by several outcrops near the 
Oravisalo post o f f i c e  and is probably not of greater extent 
than indicated on the l i th o fac ie s  map. Support fo r  th is  
notion is in fe rred from the absence of a notable pos i t ive 
geomagnetic anomaly on the published reconnaisance maps, 
such as would be expected from these l i th o lo g ie s ,  i f  
widespread.

I

Depositional units and s t ruc tu res :

At 74.8 14.8,dark, schistose, f ine-gra ined amphibol ite 
preva i ls ,  mottled by small l e n t ic u la r  feldspar grains, and
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occasional ly a l te rna t ing  with l i g h te r  pink to grey, equal ly 
schistose, f e l s i c  layers. No primary textures have been 
id e n t i f i e d ,  of  in t rus ive ,  extrusive or depositional nature, 
unless the small lensoid feldspar grains are deformed 
phenocrysts. Several hundred meters along s t r ike  a coarser- 
grained, less schistose metabasite preserves a gabbroic 
texture,  with stubby amphibole crysta ls  up to 5 mm long and 
apparently i n t e r s t i t i a l  feldspar.

I t  s t i l l  remains to demonstrate that th is  l i tho fac ie s  
belongs to the Proterozoic, and not to the Archaean 
basement sequence. Contacts with adjoining l i th o fa c ie s  are 
not seen but thrusted in te rca la t ion  of allochthonous s l ive rs  
of basement is demonstrable nearby. Though mostly gneissic 
g ran i to id ,  these and other exposures of basement do 
contain some mafic l i tho lo g ie s  which can however be dist inguished 

from the Oravisalo post o f f i c e  l i th o fa c ie s  using the fo l lowing 
c r i t e r i a :

1 ) basement amphibol ites tend to be th inner than
30 cm, though th is  observation does not preclude them from 
being th icker .

2 ) they share a s t ruc tura l  un i ty  with the g ra n i t i c  
gneisses, both having been deformed in to  isoc l ina l  fo lds 
which are in turn overprinted by a sch is tos i ty  ascribed to 
Svecokarelian deformation.

3) syntectonic Svecokarelian metamorphism of mafic 
basement l i th o lo g ie s  is invoked to explain them as t y p ic a l l y  
being f ine-grained b i b t i t e - r i c h  schists. These features 
contrast with those in the dominant amphibole-feldspar 
assemblage of  the Oravisalo post o f f i c e  l i tho fac ie s  but do not 
unequivocal ly ind ica te cover or basement a f f i n i t y .
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Par t ly  surrounding the metapsephites in the domal 
culmination mapped by Saksela (1933) and mentioned above, 
is an association of g raph i t ic  and sulphid ic  metapel i tes, 
and metabasites, including a gabbroid. The Oravisalo post o f f i c e  

l i tho fac ies  might well be a co r re la t ive  of th is  whence, in 
deference to Saksela's study, they could be together 
designated the Karhunsaari l i th o fa c ie s .  This cor re la t ion  
does not solve any dispute over absolute age, but i f  va l id ,  
indicates the l i th o fa c ie s  to be of regional s t ra t ig raph ica l  
relevance.

3.2 PYHASELKA ASSEMBLAGE

3 .2 . i Raakkyla l i th o fa c ies
D is t r ibu t ion  and reference exposures:

In areal extent, th is  is the most abundant l i tho fac ies  
but at the present erosion level i t  is not known to occur 
anywhere east of the Nift tylahdenrantat ie l i th o fa c ie s .  I t  
resembler a l i thology widespread outside the study area, 
occurring at Outokumpu to the NW where i t  has been c la ss i f ied  
as homogeneous massive and bedded mica sch ist by Gaâl and 
others (1975) and southwards near Savonranta (Halden 1982) 
and Kerimaki, where i t  has been more metamorphosed and 
disrupted by in t rus ive  bodies. Typical l i th o lo g ie s  are well 
exposed on the north western shore of the island Oravisalo, 
p a r t i c u la r l y  at l o c a l i t y  67.4 19.6, in b lu f fs  at l o c a l i t y
74.2 17.5 and near the eastern l i m i t  of i t s  d i s t r ib u t io n ,  at 
94.T 20.2.

Depositional un i ts  and s t ruc tu res : -

The l i th o fac ie s  is remarkably monotonous, in that  
metamorphic recrystal 1 iza t ion  has resulted in the more massive 
metapsammites s u p e r f i c ia l l y  resembling a f ine-grained
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granodior i te or d io r i t e  (Figure 26 a, b). At many exposures 
there exists no evidence of  sedimentary layering and even 
where o r ig ina l  bedding may be discerned, deposit ional structures 
are only ra re ly  preserved (Figures 25a, b ,2 6 c ) .  However, 
impressive examples of these have been found at l o c a l i t y  
941 2Q2 near the eastern margin of the l i t h o fa c ie s '  present 
extent (Figure 25c, d, e, f ,  g) ,  where three successive beds 
preserve dune foresets in t h e i r  lower port ions, each passing 
upward in to  planar s t r a t i f i e d  laminae. Bed forms are not 
te c to n ic a l l y  transposed as are fo r  example the load casts in 
Figure 25b, so that the maximum foreset  angle of repose, of 
15° is probably close to i t s  o r ig ina l  value, and bed forms 
have an amplitude general ly less than 1 0  cm and wavelength of 
20-80 cm.

These beds are immediately overla in by a massive, much 
th icker  metapsammite which has caused spectacular basal load 
casts and flame st ructures (Figure 25c, d, g). The th in  
b i o t i t e  selvedge in Figure 25d si lhouettes the upper surface 
of  the load casts, but does not represent a p e l i t i c  f i lm  
between the two beds, or the topmost part of the underlying 
bed.

In fa c t ,  laminated metapeli te is v i r t u a l l y  absent from 
the en t i re  l i t h o fa c ie s ,  one exception being a disrupted layer 
or horizon of ragged, in t ra-bas ina l  clasts at l o c a l i t y
79.1 12.8.

Several ki lometers S of the study area at Puhos 
( l o c a l i t y  92.7 97.1), typ ica l  Raakkyla l i tho fa c ies  metapsammi tes 
are interbedded with f i s s i l e  g raph i t ic  metapel i tes that  may 
a t ta in  1 m in thickness. But w i th in  the study area, even 
read i ly  recognizable t h in l y  bedded layers, such as those in
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Figure26 c and d, with respective modal thicknesses of 
20-30 cm and 5 cm, cannot be properly described as metapeli tes.

Calcareous concretions are encountered throughout the 
l i th o fa c ies  but are nowhere seen to exceed 1 m in length, 
usual ly  being only 10-30 cm and about 5-10 cm th ick  (Figure 26a). 
They are usual ly  w e l l -d i f fe re n t ia te d  m inera log ica l ly  with a 
pale rim surrounding a darker, greenish core r ich  in randomly 
oriented amphibole c rys ta ls  up to 3 cm in length. Where 
abundant, the concretions tend to be concentrated w i th in  or 
define a pa r t i c u la r  l i t h o lo g ic a l  horizon but no evidence was 
found conclus ively demonstrating them to represent boudinage 
of  a continuous calcareous layer,  rather than post- 
deposit ional chemical phenomena.

3 .2 . i i  Sammallahti l i th o fa c ies
D is t r ibu t ion  and reference exposures

Like the Niit tylahdenrantat ie l i t h o fa c ie s ,  th is  in many 
ways resembles the Raakkyla l i t h o fa c ie s ,  with which i t  is
apparently in te rca la ted.  I t  is  restricted to an area of

2
several km inland from Sammallahti (Map 2 ) .  The most 

representat ive exposures are 91.7 20.0 and 91.5 20.3 .

Depositional un its  and structures

The l i th o fa c ie s  is characterized by an abundance of 
quartzose granules 2 - 8  mm in diameter though they are never 
s u f f i c i e n t l y  abundant to const i tu te  an e n t i re ,  supporting 
framework (Figure26 e, f ) .  Because of th e i r  o r ig ina l  massive 
nature, and metamorphic recrysta l 1 i za t ion ,  no r e l i c t  
deposit ional features are evident. Sharp boundaries between 
granule-r ich layers and Raakkyla facies type are seen, 

frequently  marked by b i o t i t e  selvedges or f o l ia e ,  but more 
usual ly  l i t h o lo g ic a l  var ia t ions are poorly defined, with d i f fuse
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aggregates r icher  in granules amongst f i n e r  massive 
metapsammite. Occasional ly these granule-r ich pods do appear 
as discrete int raformational c las ts ,  up to 2 0  cm across, but 
no other large c lasts  of any kind were noted. As in the 
Raakkyla l i t h o fa c ie s ,  calcareous l i th o lo g ies  are present in 
the form of zoned concretions or more extensive le n t ic u la r  
layers several cm th ick .  Metape l i t ic  l i tho lo g ie s  are absent.

3 . 2 . i i i  N i i t ty lahdenran ta t ie  l i tho fac ies
D is t r ibu t ion  and reference exposures:

Outcrops of the l i th o fa c ies  may be traced fo r  6  km 
along a low but pers is ten t  s t r i k e  r idge,  para l le l  to the 
NE shore of the lake Pyhaselka. Neither tectonic nor 
deposit ional contacts are seen with the Raakkyla facies to 
the W or Salonkyla l i tho fa c ie s  to the E. L i tho log ica l  
features are well displayed at l o c a l i t i e s  91.331.7,  91.232.4 
and 91.3 32.2 .

Depositional un its  and s t ruc tu res :

Two pr inc ipa l  l i t h o lo g ic a l  types were id e n t i f ie d  - the 
f i r s t ,  i n te rn a l ly  homogeneous metapsammite s , both massive and 
s t r a t i f i e d ,  are very s im i la r  to l i th o lo g ie s  in the Raakkyla 
l i tho fa c ies  (Figure 27c, g). The other,  which is diagnostic 
fo r  the l i th o fa c ie s  is d iam ic t i te ,  comprising homogeneous 
clasts of Raakkyla facies type, with very var iable size and 
abundance, in poorly s t r a t i f i e d  metapsammites and metapel ites

Beds of homogeneous type are from 5-80 cm th ick .  The 
th inner beds are tabular at outcrop scale and d i f f e r  from 
those of the Raakkyla facies only in having a higher, yet 
variable proportion of interbedded metapeli te (contrast 
Figure 26 c, d, with Figure 27g). Some metapsammites show
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intercalated or t ra n s i t ion a l  contacts with metapel i te,  
suggesting tha t  they are codeposi t iona l , but d i s t i n c t  graded 
bedding was only once noted, the ma jo r i ty  of beds being 
medium-grained and massive throughout. The th icker  beds 
however can show planar or low-angle c r o s s -s t ra t i f i c a t io n ,  
with occasional preservation of  scoured channels (Figure 27d). 
Calcareous concretions are e r r a t i c a l l y  d is t r ibu ted  throughout 
the metapsammites, but tend to be absent from metapel i tes 

(Figure 27 c,e,g ) .

The d iamic t i tes  have e i th e r  a s t r a t i f i e d  m e tape l i t ic ,  
or more commonly, a metapsammitic matr ix (Figure 27 a, b, c ) ,  
enclosing very var iable proport ions of c las ts ,  ranging from 
th in  metape l i t ic  f lakes to ra f ts  of metapsammite over 5 m in 
length and up to 0.5 m th ick  (Figure 27a, b, e). Clasts are 
dominantly in te rn a l ly  uniform and general ly ind is t ingu ishable 
from interbedded metapsammites and those of the Raakkyla 
l i tho fac ies .  The remaining c lasts  are metape l i t ic  f lakes, 
and some calcareous concretions which may have remained 
coherent during reworking and comminution of th e i r  metapsammitic 
host layers.

Most c lasts  are elongate w i th in  depositional planes, 
re f lec t ing  to a large extent th e i r  i n i t i a l  tabular  shape but 
c lea r ly  tectonic s t ra in  is also to be expected (Figure 27 b ) . 
Though many clasts re ta in  sharp boundaries with matr ix ,  as 
seen in Figure 27 a, b, some such as the topmost bed represented 
in Figure 27e, merge gradually and poorly defined aggregates of 
metapsammite are seen.
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3 .2 . iv  Ni va l i tho fac ie s
D is t r ibu t ion  and reference exposures:

This l i tho fa c ie s  comprises a number of scattered outcrops 
at Ni va, several km SW of  Hammaslahti township. There is some 
evidence fo r  a t ra n s i t io n  in to  l i th o lo g ies  of the Raakkyla 
l i th o fac ie s  to the W but other boundary re la t ions  are 
concealed beneath the bay Hammaslahti and s u r f i c ia l  deposits.
The most informative exposures were 93.8 24.6 and 93.9 24.6 .

Depositional un i ts  and s t ru c tu res :

Three d i s t i n c t  l i th o lo g ie s  are dist inguished. Dominant 
is a homogeneous dark grey metapel i te, f i s s i l e  only where a 
discrete spaced cleavage dissects i t  and with abundant randomly 
oriented b i o t i t e  porphyroblasts. The metapel ites const i tu te  
uniform beds up to at least 5 m in thickness, in te rcala ted 
with the other two more complex l i th o lo g ie s :  f i n e l y
s t r a t i f i e d  but massive grey to white a l te rnat ions and 
d i s t i n c t l y  green, i n te rn a l ly  amorphous layers (Figure 28 a, b) 
containing c h lo r i to id  and rosettes of  a c t in o l i t e .

Commonly, the l a t t e r  form bands 0 . 5 - 5  cm th ic k ,  a l te rna t ing  
with the massive grey metapel i tes, from which a c t in o l i t e  is 
absent. Boundaries between the two layers are general ly 
d i f fuse but at 93;8 24.6 one of these a c t in o l i t e - r i c h  layers 
10-30 cm th ic k ,  displays a very sharp contrast with the 
( s t ru c tu ra l l y )  underlying metapel i te,  with an almost purely 
b io t i t e  selvedge between. Furthermore, the boundary is  cuspate 
upwards in to  the amphibol i te-bearing layer,  suggesting an 
in te r face i n s t a b i l i t y  analogous to basal load casts in c la s t ic  
deposits. Depositional features are lacking from th is  bed 
however, i t  being massive and knobbly due to intergrowth of 
the porphyroblast ic a c t in o l i t e  roset tes. The upper surface
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of th is  layer is not so sharply defined but above i t  is  seen 
the th i r d  l i t h o lo g ic a l  type - the massive grey and white 

1 ami ni tes.

These have a tough, c h e r t - l i k e  though not vi treous 
appearance and show f ine  (1-5 mm) laminae which are not always 
planar and may be l a t e r a l l y  impersistent (Figure 28c, d). 
Sporadic massive, but 1i t h o lo g ic a l l y  ident ica l  layers up to 
7 cm th ick  are interbedded (Figure 28c, d).

Dif fuse porphyroblasts of c h lo r i to id  or amphibole up to 
5 mm may remain in r e l i e f  on weathering, creating a fa lse 
impression of  grading - no c la s t i c  grains are v is ib le  with the 
unaided eye (Figure 28 c, d). Possible truncations of laminae 
suggest that  they are sedimentary in o r ig in ,  and preserved 
due to l i th o lo g ic a l  competence of the bed, rather  than the 
products of metamorphic d i f f e re n t ia t i o n .  They are not unl ike 
l i th o lo g ies  commonly encountered w i th in  the Kukkupaa 
1 i tho fac ies .

In the most westerly outcrops avai lable fo r  study, the 
metape l i t ic  l i th o lo g y  appears to be interbedded with b i o t i t e  
metapsammites l i k e  those of  the Raakkyla l i th o fa c ie s .  The 

re la t ionship  is a p o te n t ia l l y  valuable one fo r  s t ra t ig raph ica l  
in te rp re ta t ion  but is unfortunate ly i n s u f f i c i e n t l y  exposed 
fo r  v e r i f i c a t io n .

3.3 KETTAMO ASSEMBLAGE

3.3.i Kettamonniemi l i tho fac ie s  
D is t r ibu t ion  and reference sections:

Metapsephites are diagnostic of th is  l i th o fac ie s  which 
occupies several km̂  NW of Hammaslahti township. Any



- 99 -

continuation to the SE along s t r i k e  is obscured by s u r f i c ia l  
lacustr ine deposits and moraines whereas to the E the 
l i tho fac ies  is truncated at the Haapajarvi f a u l t  zone. The 
Kettamo thrust  delineates i t s  northeastern extent ; in the 
footwall  of the th rus t  the Ki1 pelankangas l i th o fac ie s  
resembles f in e r  l i th o lo g ie s  w i th in  the Kettamonniemi 
l i th o fa c ie s .  Northwards and westwards is a gradual t ra n s i t ion  
in to the f iner-gra ined Salonkyla l i th o fa c ie s .  Useful exposures 
are referred to in descr ipt ions below.

Depositional un i ts  and s t ruc tu res :

Four subfacies are defined w i th in  the l i th o fa c ie s .  
Although a l l  are l i t h o lo g i c a l l y  and te x tu ra l l y  very s im i la r ,  
the subdivision is according to dominant though not 
necessari ly exclusive c las t  type. This procedure is  both 
va l id  and convenient as the petro logical  d is t r ib u t io n s  so 
defined correspond c lose ly  to d iscrete s t ra t ig raph ica l  or 
tectonic  horizons. Local ly  intense deformation has not 
precluded recogni t ion of numerous deposit ional younging 
features,  enabling the mutual s t ra t ig raph ica l  re la t ions  of 
three subfacies to be establ ished. There also ex is ts  evidence 
fo r  la te ra l  facies t rans i t ions  between them across in te rva ls  
of 2-3 km.

The Pitkanurmi and Karvanurmi subfacies t y p i c a l l y  
contain recognizable gran i to id  de t r i tus  and an appreciable 
number of sedimentary metaclasts, excepting o r thoquar tz i te 
fragments. Because they are s t r u c tu ra l l y  separated from each 
other they are described in d iv id u a l ly .  The Peta j ikkbka l1io 
subfacies contains more gran i to id  de t r i tus  than in tra-basina l  
sedimentary metaclasts but diagnostic is the presence of 

o r thoquartz i te c las ts .  The Lentosarkka subfacies lacks 

pebbly c lasts  of grani to ids or or thoquartz i te  but contains 
sedimentary meta-clasts s im i la r  to enclosing host l i th o lo g ie s .
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Karvanurmi subfacies

Three l i tho log ies  are expressed, with a tendency fo r  
de t r i tus  to become f i n e r  away from the basal Kettamo th rus t ,  
which also corresponds to the overal l  s t ra t ig raph ica l  younging 
d i rec t ion  deduced from preserved depositional features.

Typical of the lowermost part  is meta-arkose of  modal 
grain size 2-6 mm (Figure 29 a,e) with addit ional  gran i to id  
clasts that  seldom exceed 10 cm in maximum dimension. At 
l o c a l i t y  94.9 28.1 the Kettamo th rus t  is exposed, with mylonite 
developed w i th in  pebbly arkose. Magnitude of s t ra in  has not 
been resolved but a minimum estimate fo r  thickness of these 
meta-arkoses is in excess of 10 m. No depositional features 
are in evidence here though th is  is  not surpris ing given the 
massive nature of the beds and the amount of deformation.
Where grain re la t ions  have not been te c to n ic a l l y  ob l i te ra ted  
i t  is however evident that sor t ing was poor and many clasts 
were not well rounded when deposited. Matrix content is 
ev ident ly  low which contrasts markedly with another 
l i th o lo g ic a l  type that is commonly interbedded (Figure 29a, b).

These could be termed metadiamict i tes, as 'metapsephite' 
f a i l s  to convey the frequent chaotic nature of the deposit 
and extreme var ia t ion  in size and proport ion of c las ts .
Individual bed thicknesses may a t ta in  3 m and c lasts  in excess 
of 1 m are sporad ical ly  present, though the modal size is 
5-25 cm (Figure 29 c - g  .). These are almost exc lus ive ly  
sedimentary metaclasts, g ran i to id  de t r i tus  seldom a t ta in ing  
4 cm in size. Many c lasts preserve a d i s t i n c t  in ternal 
s t r a t i f i c a t i o n ,  suggesting an in tra-basina l  o r ig in .  For example, 
the large c las t  in Figure 29 c and d ( l o c a l i t y  94.5 28.5') is a 
well-bedded meta-arkose, i t s e l f  containing gran i to id  c lasts  up 
to 5 cm across. I t  may be that  iso la te  gran i to id  de t r i tus  of 
s im i la r  size derives from a t t r i t i o n  of these large arkosic c las ts ,  
rather than from d i rec t  erosion of exposed gran i to ids.
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Figure 29e shows a massive, graded metaclast with feldspar 
granules at the base, which is more cha rac te r is t ic  of  the higher 
beds of the subfacies. A l te rnat ing  quartzose metapsammite and 
less abundant metapeli te over l ie  these forming massive beds 
10-50 cm th ick  and coarse clasts are altogether absent.

A thrus t  zone, or attenuated lower limb of a recumbent 
fo ld  separates these beds from the Pe ta j ikkdka l l io  and 
Pitkanurmi subfacies to the W.

Pitkanurmi subfacies

This s u p e r f i c ia l l y  resembles the Karvanurmi subfacies 
but displays more evidence of  grading and bed thickness: 
granules of quartz and feldspar in the basal parts of meta- 
arkoses give way to massive quartzose metapsammite, with 
metape l i t ic  tops th in  or absent and bed thickness varying 
between 10 cm and over 10 m (Figure 30e, f ) .  Associated with 
these is a polymict ic metapsephite with a va r ie ty  of 
sedimentary metaclasts and also abundant vein-quartz and grani to id 
de t r i tus  ra re ly  a t ta in ing  20 cm in maximum dimension. This is 
usual ly  w i th in  the major tectonic  sch is to s i ty ,  but o r ig ina l  
grain shapes and roundness can be retained (Figure 30a).

As in the Karvanurmi subfacies, chaotic d iam ic t i te  with 
a h ighly  var iable amount of matr ix occurs; here ( l o c a l i t i e s
94.4 28.4, 9 4 ,.4 28.5) they are represented by two d i s t i n c t  but 

in te rcala ted l i th o lo g ie s  (Figure 29f ,  g). Those beds with a 
higher proport ion of metapeli te have fewer clasts and these 
tend to be l i t h o lo g i c a l l y  s im i la r  to the enclosing matr ix .
These contrast with the interbedded layers containing almost 
exc lus ive ly  gran i to id  metaclasts, in s u f f i c ie n t  abundance fo r  
the rock to be lo c a l l y  c las t  supported (Figure 30c, d).

Internal bed forms are absent, except fo r  pockets or lenses of 
weakly s t r a t i f i e d  f iner-gra ined l i tho lo g ies  and c las t  size 
varies considerably, from several mm to 1.4 m (Figure 30c, d).
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One of these boulders appears to be fractured yet not 
disaggregated (Figure 30d).

Of s ign if icance is the fac t  that these coarser beds 
are not the most basal but over l ie  the f i n e r  deposits depicted 
in Figure 29 f ;  ascending the sequence, gran i to id  de t r i tus  
becomes coarser and predominates over in t ra-bas ina l  metaclasts. 
Notable too is the la te ra l  impersistence and thickness 
var ia t ions of the c la s t - r i c h  and c last-poor l i t h o lo g ie s ,  
giving r ise to l e n t i c u la r  and in t im a te ly  in terca la ted s t ra ta ,  
as i l l u s t r a te d  in Figure 30 b.

S t ra t i  g raph ica l ly  above th is  l o c a l i t y ,  and to the NW 
along s t r i k e ,  coarse de t r i tus  is only in f requent ly  encountered 
and metapsammites and metapeli tes are not c le a r ly  dist inguished 
from those of  the Salonkyla l i th o fa c ie s  and Lentosarkka 
subfacies. To the SE however, progressively lower horizons 
appear to be exposed in the core of a major recumbent fo ld ,  
where the Peta j ikkbka l1io  subfacies is recognized.

Peta j ikkbkal1io subfacies

More than in the preceding subfacies, graded meta-arkose 
beds are prevalent with thickness varying from 2 0  cm to 1 m 
and sporadic th in  metapel i te. In general the meta-arkoses 
do not contain pebbly c las ts :  where any de t r i tus  coarser than
granules occurs i t  is  usual ly  s ig n i f i c a n t l y  so (more than 
20 cm), in a d iscrete chao t ica l ly  sorted deposit (Figure 31 ).

As in the Pitkanurmi subfacies metapsephite beds may 
contain boulders exceeding 1  m in diameter that  are seen to 
over l ie  f iner-gra ined deposits, rather than rest unconformably 
(as a basal facies) on markedly older basement. This is 

c lea r ly  seen at l o c a l i t y  95.2 95.2 (Figure 31a). Large gran i to id
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clasts are r e la t i v e l y  fewer than in the Pitkanurmi and 
Karvanurmi subfacies, w i thorthoquartz i te  fragments being 
diagnostic. These are general ly well-rounded and composed 
of homogeneous greenish-grey medium-grained or thoquartz i te  
(Figure 31a, b). Within the clasts sub-angular and coarser 
quartz d e t r i tu s ,  up to 1 cm in s ize, and some feldspar 
de t r i tus  may also be present. Grains of an opalescent blue 
quartz, though vo lumetr ica l ly  t r i v i a l ,  are espec ia l ly  
conspicuous on f resh ly  broken surfaces. Occasional ly such 
granules are seen w i th in  o r thoq ua r tz i t i c  clasts and in one 
l ight -co loured pebble they ra ther resemble quartz 
phenocrysts in a f e l s i c  volcanic rock.

Lentosarkka subfacies

In general th is  is ind is t ingu ishable from the f in e r  
l i tho lo g ie s  w i th in  the Karvanurmi and Pitkanurmi subfacies 
and is l i k e l y  to be t ra ns i t ion a l  with the Salonkyla 
l i th o fa c ie s .  I t  may be recognized as d i s t i n c t  from the l a t t e r  
however, in that i t  contains rather th ick  beds of impure 
meta-arkose or fe ldspath ic  metagraywacke while lacking in 
extra-basinal de t r i tus  coarser than 1 cm. These coarser and 
th icker  beds may a t ta in  5 m in thickness and contain 
intrabasinal  p o l i t i c  metaclasts, as at 94.8 27.2).

At 94.6 27.3 is a small normal f a u l t  accompanied by 
duc t i le  deformation near but not p rec ise ly  along the boundary 
between two of these th ick  metagraywackes. The f a u l t  predates 
the e a r l ie s t  id e n t i f i e d  cleavage, so may be a consequence of 
slumping penecontemporaneous with sedimentation.
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3 .3 . i i  Salonkyla l i tho fa c ie s

D is t r ibu t ion  and reference exposures:

The l i tho fa c ie s  appears to be t ra ns i t iona l  southwards 
with the f in e r  l i th o lo g ie s  of the Kettamdnniemi l i tho fac ies  
but the nature of the western boundary with the Nii ttylahden- 
ran ta t ie  l i th o fa c ies  is unclear. Northwards along s t r i k e  i t  
may be contiguous with the 1i t h o lo g ic a l l y  s im i la r  Suhmura 
l i th o fa c ie s .  Best exposures are at l o c a l i t y  93.5 29.2.

Depositional un its  and s t ruc tu res :

Quartzose metapsammites dominate and are usual ly  massive, 
from 5-50 cm th ick ,  without de t r i tus  coarser than 1 mm 
(Figure 32 e ) . Laminated metapsammites comprise another 
var iant and one exposure showed discontinuous ra f ts  of 
metapsammite 30-40 cm long in a s t r a t i f i e d  f iner-gra ined 
matr ix , a l l  now quite deformed (Figure 32 f ). I f  any internal 
depositional features existed elsewhere, they have been 
ob l i te ra ted  during the ubiquitous and pervasive cleavage
d i f f e re n t ia t io n .

3.4 HAMMASLAHTI ASSEMBLAGE

3.4.i Ki 1 pelankangas l i th o fa c ies
D is t r ibu t ion  and reference exposures:

This is exposed in the footwall  of the Kettamo th rus t  
zone and fu r the r  to the NE i t  may be conformable with the 
Suhmura l i th o fa c ie s .  I t  terminates along s t r ike  to the SE 
against the Haapajarvi f a u l t  zone. I t  is well displayed at 
l o c a l i t y  94,6 2S.Z, where some Mulo l i tho fac ies  is interbedded.
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Depositional un its and s t ruc tu res :

Metapsammites from 10-100 cm th ick  a lte rnate with 
metapel i te,  the former tending to become coarser at higher 
s t ruc tura l  levels (which seem also to coincide with 
deposit ional younging d i re c t ion ) .  The th icker  beds may 
contain 5-6 mm granules of quartz and feldspar de t r i tu s  in 
t h e i r  lower parts, grading upwards to metapeli te and recal l  
f i n e r  l i tho lo g ie s  of the Kettamdnniemi l i th o fa c ie s .  Since 
the two l i tho fac ie s  are separated by a th rus t  zone containing 
mylonite, they are therefore considered separately here.

3 .4 . i i  Suhmura l i th o fa c ies

D is t r ibu t ion  and reference exposures:

This is present over a large part of the N i t t ty lahti  
1:20 000 sheet, from Suhmura in the S, to Reijola in the N.
I t  appears to be at least l o c a l l y  conformable with the Mulo 
l i t h o fa c ie s ,  and may be equivalent s t ra t ig ra p h ic a l l y  to the 
Salonkyla l i t h o fa c ie s ,  which i t  c lose ly  resembles.
Relat ionship to the metape l i t ic  Kukkupaa l i tho fa c ie s  has not 
been ascertained, except that at Haapajarvi i t  appears to be 
a fau l ted one. Representative exposures are at N i i t ty laht i
92.4 32.6 and also lo c a l i t i e s  94.9 31.4 and 94.3 32.9 .

Depositional un its  and s t ruc tu res :

The l i th o fa c ie s  consists of uniform f ine-grained 
metapsammites and lesser metapel i te, with no de t r i tus  observed 
to be coarser than 1 mm. Consequently deposit ional features 
such as grading are d i f f i c u l t  to discern, except as t rans i t ions  
from metapsammite to metapel i te. Nevertheless, rhythmic 
alte rnat ions of these, with metapsammite dominant and often 
showing one sharp contact ind icate deposit ional un its with a 
modal thickness from 10-30 cm and occasional ly exceeding 1 m.
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Where the a l te rna t ing  couplets are th inner ,  or w i th in  the 
rare laminated metapel i tes, folds of small amplitude are very 
prevalent, though such fo ld ing  only ra re ly  a f fec ts  the d ispos i t ion 
of th icker  beds. In proximity to the sulphide-r ich Mulo 
sch is t ,  as at l o c a l i t y  92.3 35,0, beds otherwise s im i la r  to the 
Suhmura l i th o fa c ies  are themselves quite ferruginous and weather 
to a very rusty  yellow-brown colour instead of the usual l i g h t  
grey and ^ny 1i tho log ica l  de ta i ls  are obscured.

3 .4 . i i i  Mulo l i th o fa c ies

D is t r ibu t ion  and reference exposures:

The observed outcrop d is t r ib u t io n  of th is  l i th o fa c ies  
corresponds c lose ly  to that  in ferred from a pos i t ive  anomaly 
shown by reconnaisance geomagnetic data. I t  appears to occupy 
or define a large fo ld  hinge with the l i tho fac ie s  disappearing 
southwards along attenuated or th rus t -ou t  l imbs. The magnetic 
anomaly maps suggest however tha t  i t  may continue fu r the r  to 
the NW than indicated on the facies diagram, under the lake 
Pyhaselka, I t  appears to be enveloped by rocks of the Suhmura 
l i th o fa c ies  and there is some evidence fo r  the two having a 
s t ra t ig ra p h ic a l ly  conformable t ra n s i t io n .  This is also possible 
at K i1 pelankangas 10 km to the S where there is a res t r ic ted  
occurrence of the Mulo l i th o fa c ie s  enclosed by metapsammites 
and metapeli tes. The l i th o fa c ies  is exceptional ly  prone to 
weathering but informative reference exposures are found at 
92.7 356 on the Joensuu-Lappeenranta highway and in a small 
abandoned quarry at 91,3 36.5 .

Depositional un i ts  and s t ruc tu res :

When weathered, the dominant l i th o lo g y  is rusty  and 
dis in tegrates along a penetrat ive f o l i a t i o n  and re t icu la te  
jo in t in g .  Even when fresh i t  is d i f f i c u l t  to i d e n t i f y  any 
r e l i c t  depositional fab r ic  because of the prevalence of



- 107 -

intergrown rosettes and brush- l ike aggregates of t remol i te .  
These are black, owing to graphite pigmentation and smooth 
broken surfaces are v i t reous,  resembling anthraci te  or PVC 
p la s t ic .  Occasional ly primary 1i tho log ica l  bands are observed, 
defined by var ia t ions in sulphide content, these being the 
only minerals other than t remol i te  that are obvious to the 
unaided eye (Figure 33a,b).

At the quarry mentioned already some other 1i tho log ica l  
variants are encountered: a calcareous metapeli te (also
black) with scattered, randomly oriented pr ismatic t remol i te  
porphyroblasts, up to 3 cm long, appears to cons t i tu te  a 
d iscrete massive bed nearly 1 m th ick .  Underlying th is  are 
laminated white and grey l i tho lo g ie s  that  are recognizable 
as metadolomite (Figure 33 c) although i t  is unclear whether 
the f in e s t  laminae could be depositional in o r ig in .  Non­
oriented t remol i te  rosettes c le a r ly  overgrow any major layer 
pa ra l le l  s ch is to s i ty  and may themselves be pseudomorphed by 
invading sparry c a lc i te  veins which in th is  l i th o lo g y  are 
quite abundant.

3 .4 . iv  Kukkupaa l i th o fac ie s

D is t r ibu t ion  and reference exposures:

This is most extensive in the N of the study area whereas 
S of Hammaslahti i t  may be fau l ted out or otherwise res t r ic ted  
in development. A fau l ted boundary along Haapajarvi is invoked 
to explain i t s  jux tapos i t ion  with coarse c la s t ic  deposits of 
the Kettamdnniemi l i th o fa c ie s  but to the E a conformable 
t ra ns i t io n  to the Tikkala l i th o fa c ie s  is ind icated. Represent­
a t ive exposures are E of  Haapajarvi on the Joensuu-Lappeenranta 
highway (95,7 3 3 . 2 )and 94.8 37.3 at Mulonsalo.
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Depositional un its and s t ruc tu res :

Three d i s t i n c t  l i tho lo g ie s  are recognized, a l l  me tape l i t ic ,  
lacking in de t r i tus  coarser than quartz s i l t : -

1) Dark grey micaceous metapel i te,  massive to f i s s i l e  
depending upon degree of cleavage development, displays no 
deposit ional features. Beds are tabular  when boundaries are 
seen but th icke r  units may comprise an en t i re  exposure. 
Fine-grained disseminated py r i te  is frequent ly  present, elongate 
in any sch is tos i ty  developed.

2) Massive blue-grey s i l iceous metapel ites seldom 
disp lay any s c h is to s i ty  to the unaided eye and f rac tu re  
conchoidal ly (compare l i th o lo g ie s  in Figure 34f).  They form 
sharply bounded tabular beds 5-25 cm th ick  and weathered 
surfaces often reveal f ine  planar laminae or elongate lenses, 
though ne ither of these appear to be concret ionary or due to 
grain size var ia t ions .  Overal l ,  th is  l i th o lo g y  probably 
consti tu tes as l i t t l e  as 5% of the l i th o fa c ie s .

3) Though t y p i f ie d  by f ine  laminae several mm th ick ,  
th is  tends to be a massive rather  than f i s s i l e  l i th o lo g y  with 
a sch is tos i ty  more weakly expressed than in interbedded 
micaceous metapel i tes. I t  consists of rhythmic a l te rnat ions 
of  calcareous metape l i t ic  laminae 2-5 mm th ick  with thinner 
and darker g raph i te -r ich  laminae (Figure 34a, c).  The 
calcareous laminae weather to a fawn-brown colour and also 
contain some d e t r i t a l  quartz s i l t ,  and abundant b io t i t e  
porphyroblasts which mimic the grading d i rec t ion  tha t  the 
d e t r i t a l  grains ac tua l ly  suggest. Low angle c ro s s -s t ra t i f i c a t io n  
is su rp r is ing ly  well preserved in these laminae (Figure 34 a , c) 
but no unambiguous d i rec t ions of palaeocurrent f low were 
obtained.
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3 . 4 . V  Tikkala l i th o fa c ies
D is t r ibu t ion  and reference exposures:

This is exposed in a narrow meridional zone about 25 km 
in length; i t s  continuation to the N and S is conjectural 
due to buria l  beneath unconsolidated g lac ia l  and f l u v io - d e l t a i c  
deposits. I t  may have a coformable re la t ionsh ip  wi th the 
Kukkupaa l i tho fa c ie s  in the N but the eastern boundary could 
be contro l led by high-angle fa u l t s .  Three separate areas 
were found to be p a r t i c u la r l y  informative - Kumpu in the N, 
the v i c i n i t y  of Hammaslahti copper mine in the central region 
and at T ikkala , near the southern end of the fac ies '  exposed 
d is t r ib u t io n .

Depositional un its  and s t ruc tu res :
At Tikkala-

Exposures on e i th e r  side of the Joensuu-Helsinki ra i lway 
at Tikkala siding ( l o c a l i t i e s  0  4.6 17.4, 04.717.4 , 04.6 17.5) 
have been very useful fo r  observing both l i t h o lo g y  and 
deformation of the rocks.

Strata at 04.7 17.4,-on the NE side of the ra i lway siding 
are deformed in to  a recumbent fo ld  with an attenuated, 
transposed lower- 1 imb, subsequently reoriented in to  a ver t ica l  
a t t i tude  (Figure 10) .  The upper-1 imb, seen at l o c a l i t y  04.6 17..5 
and i l l u s t r a te d  in Figure37c retains o r ig ina l  sedimentary 
features, apart from possible boudinage having affected the 
thickness of metapsammite s , and the fu r the r  p o s s ib i l i t y  of 
laye r -pa ra l le l  d is locations with metapel i tes..  The lower part 
of the sequence is mostly laminated metapel i te, cons t i tu t ing  
layers usual ly  th inner than 5 cm. Two le n t i c u la r  or 
boudinaged metapsammites are seen in the lower part  and a 
l i t t l e  higher are two very d i s t i n c t  planar beds id e n t i f ie d  as 
pa r t ia l  Bouma sequence. They are of in te res t  in being calcareous.
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and also quite ferruginous, which is to be expected from the 
general ly high sulphide content of adjacent metapel i tes.

The l i th o lo g y  then changes abruptly  from laminites to 
massive, poorly sorted quartzose metapsammites. The lowest 
bed appears to be the th ickest  (up to 4 m) but may represent 
several amalgamated deposits, with discontinuous metapel i t ic  
layers denoting o r ig ina l  deposit ional un i ts .  The beds cannot 
be regarded with confidence as being channeled because of  the 
p o s s ib i l i t y  of tectonic  boudinage having modified deposit ional 
thickness. The th inner overly ing metapsammites may indeed 
record deposit ional i r r e g u la r i t i e s  in that some beds thicken in 
mutual ly opposite d i rec t ions but th is  too depends upon the 
homogeneity of s t ra in .

On the southwestern side of the siding (04.6 17.4) 
cleavage and fo ld  development is minimal and deposit ional 
features cons is ten t ly  show these beds to over l ie  those at 
04.6 17.5 discussed above. The to ta l  section is  i l l u s t r a te d  
in Figure 35. I t  begins with a 10 m sequence of metapsammites 
tending overal l  to become th inner and f iner-gra ined upwards 
(Figure 36 a). Individual beds usual ly  show grading from granule 
sized quartz and feldspar to f i n e r  quartz-dominated d e t r i tu s ,  
with th in  metapeli te part ings (Figure 36 c , e ) . Other depositional 
features are developed in the uppermost beds: s t r a t i f i e d
metapsammite and occasionally cross-lamination in th in  meta­
pe l i tes .  These are features commonly associated with the Bouma 
sequence (Bouma and Nil sen, 1978) and though the complete 
sequence (Tab^de) not recognized here, the massive graded 
beds, and s t r a t i f i e d  metapsammite may correspond to parts Ta 
and Tb respective ly. The th in  planar and cross-laminated 
metapel ites can be equated with Ted of the Bouma sequence.

Detr i tus d iscern ib le to the unaided eye include quartz 

and feldspar and occasional ly small g ran i to id  fragments.
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P a r t i c u la r ly  d is t in c t i v e  are opalescent blue quartz grains 
1-4 mm across, found also in the Pe ta j ikkbka l l io  subfacies. 
Textural matur i ty  inversions are t y p ic a l ,  exempli fied by rounded 
quartz-grains in poorly sorted association with h igh ly  angular 
quartz and fe ldspar d e t r i t u s ,  and a high p e l i t i c  matr ix 
content.

In the laminated metapel ites and th in  metapsammites,
1 - 2  mm blobs of py r i te  are common but are not c la s t i c  grains 
in that  they transgress sedimentary lamination. Larger subhedral 
grains up to 2  cm are sporadica l ly  d is t r ibu ted  through meta­
psammite (Figure 36 b). A high sulphide content is also evident 
in the overly ing sequence of laminated metapel i tes whose 
weathered surfaces are p a r t i c u la r l y  rusty ,  obscuring sedimentary 
features and sometimes forming gossanous masses up to 1  m 
across. A f a u l t  of probable small displacement in te r rup ts  the 
succession but on both sides metapeli te is  overla in  by 
markedly coarser material (Figure 35, Figure 36 e, f ). This 
is at least 15 m th ick  and i t s  basal layer, though general ly 
lacking in pebbly de t r i tus  contains one anomalously large 
boulder, composed of s t r a t i f i e d  quartzose metapsephite 
(Figure 35, Figure 36 f ) .  Somewhat su rp r is ing ly  there is very 
l i t t l e  d is to r t io n  of underlying s tra ta  and although boundaries 
are p a r t l y  obscured by rusty  weathering, three successive beds 
may be traced around i t ,  th icke r  and more steeply inc l ined to 
the l e f t  of the boulder. To i t s  r i g h t ,  the second of these 
beds shows an in te rna l  s t r a t i f i c a t i o n  resembling foresets, 
although they are quite steep.

The overly ing metapsammites are poorly sorted, yet well 
s t r a t i f i e d  as discontinuous layers (Figure 36e). Occasional ly 
pockets of larger c lasts  are present. These are mostly 
intrabasinal  but also include cobbles of vein quartz and one 

rounded 5 cm gabbroid c las t  was noted. Clast d iv e rs i t y  increases
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upwards through the sequence, although gran i to id  de t r i tus  
is notably scarce. Clasts of s t r a t i f i e d  quar tz i te  or other 
metapsammites are most abundant,typ ical ly  well-rounded and 
10-40 cm in maximum dimension. Most in te res t ing  is  the 
occurrence in one horizon of abundant pink dolomite metaclasts 
and ra f t s ,  up to 1 m in length. Some of these are quite 
weathered but a few have primary lamination preserved 
(Figure 36g). No discre te  metadolomite layers have been 
recognized w i th in  the Tikkala l i tho fa c ie s  though Nykanen 
(1971a) records th e i r  presence southwards towards Tohmajarvi.

The Tikkala l i th o fa c ie s  at Kumpu

Interbedded with metapel i tes ascribed to the Kukkupaa 
l i tho fac ies  are quartzose metapsammites that exh ib i t  grading 
from granule- to p e l i t i c - s iz e d  d e t r i tu s .  Bed thickness may 
a t ta in  1  m and granules are almost exc lus ive ly  quartz. This 
is well displayed at 98.2 35.8. The metapsammites become more 
prevalent eastwards, where a fu r the r  l i th o lo g y  is apparent - 
a poorly sorted but s t r a t i f i e d  metapsephite, with elongate 
and i r regu la r  intrabasinal  metaclasts, 1 i tho log ica l  l y  identica l  
to associated coherent metapsammitic and metape l i t ic  layers 
(Figure 38 a , b). No gran i to id  or extrabasinal de t r i tus  was 
p o s i t i v e ly  id e n t i f ie d  in the f i e l d .  Where c lasts  appear very 
elongate, as above the hand lense in Figure 38a, i t  is d i f f i c u l t  
to discriminate between tectonic  deformation and syndepositional 
processes.

The Tikkala l i tho fac ie s  near Hammaslahti copper mine

In addit ion to the ore bodies themselves, two other 
l i th o lo g ie s  are developed in the v i c i n i t y  of the mine, i n t e r ­
bedded with or in fau l ted jux tapos i t ion  with the more modal 
var iant of the l i th o fa c ie s .  To th is  category belong at least 
two horizons of graphite metapel i te, each less than 3 m th ick 
where exposed in the abandoned main open p i t .  These appear to
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have been preferred horizons fo r  f a u l t  movement but magnitude 
and sense of displacement has not been established. Metapsammites 
representat ive of the Tikkala l i tho fa c ies  are now found on 
e i ther  side of these g raph i t ic  sch is ts ;  neither re pe t i t io n  of 
s tra ta  nor mutual depositional contacts have been demonstrated. 
Another l i th o lo gy  was well exposed during 1983 at a new open 
p i t  (Z-Avolouhos) and was c le a r ly  seen to be interbedded with 
the quartzose metapsammites of the Tikkala l i th o fa c ie s .

This consisted of sharply bounded layers from 5-25 cm in 
thickness but ind iv idual  beds are d i f f i c u l t  to trace l a t e r a l l y  
more than 20 m, p a r t l y  due to deformation. They are d i s t i n c t  
from the metapsammites in containing no trace of c la s t ic  de t r i tus  
at outcrop scale but instead are coloured dul l  green by the 
abundance of rosettes and pr ismatic c lusters of t remol i te  
porphyroblasts. An o r ig in  syndepositional with the metapsammites 
is indicated however by th e i r  occasional presence as c lasts in 
coarser l i th o lo g ie s .

The associated metapsammites comprise the bulk of the 
exposed sequence and const i tu te  beds a t ta in ing  1 m in thickness, 
the th icker  ones c le a r ly  showing grading with quartz and 
feldspar granules about 1 cm in size at the base (Figure 37c). 
Intrabasinal c lasts  may be la rger ,  up to 20 cm and do not d i f f e r  
1i t h o lo g ic a l l y  from the enclosing metasediment. Thick metapel i t ic  
units are not common, but th in  a lte rnat ions with graded meta­
psammite frequent ly  occur, (Figure 37 a ) . Tectonic s l ip  between 
beds appears to be commonplace but i t  is possible that  some 
deformation was synsedimentary. Some pecul iar  small-scale 
features are i l l u s t r a te d  in Figure 37b which may be examples 
of the l a t t e r .  They d i f f e r  from typ ica l  basal l load casts, 
showing th in  (less than 5 mm) dykes of metapeli te amongst 
exceptional ly  well and f i n e l y  s t r a t i f i e d  metapsammite.
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About 1 km E of the above exposure, at l o c a l i t y  02.4 28.2, 
there occurs a 4 m th ick  po lymict ic  metapsephite, overlying 
f in e r  metapsammites and metapel i tes. Intrabasinal metaclasts 
are common, and usual ly  very elongate, which can be ascribed to 
both i n i t i a l  tabular  form and subsequent tectonic s t ra in .  More 
equi-dimensional g ran i to id ,ve in  quartz and or thoquartz i te  meta­
clasts are also abundant, none exceeding 20 cm in size. One 
apparently intrabasinal  metaclast nearly 1 m long contains 
granules of the d i s t i n c t i v e  blue quartz, as at Tikkala and 
Petaj i  kkbkal1io.

A wide region to the W and N of Tikkala contains very 
few bedrock expsoures. Those present near Kostamo frequently  
display graded metapsammites that lack de t r i tus  coarser than 
1 mm, except fo r  some in trabasinal c las ts .  These resemble the 
f in e r  l i th o lo g ies  of the Tikkala l i th o fa c ies  but also recal l  
the Suhmura l i th o fa c ie s  metapsammites and also in places the 
metape l i t ic  Kukkupaa l i th o fa c ie s .

3.4 .v i  Rauansalo l i th o fac ie s
D is t r ibu t ion  and reference exposures:

Sporadic outcrops of th is  define a low s t r i k e  ridge E of 
the Joensuu-Lappeenranta highway; immediately to the W occurs 
the Tikkala l i t h o fa c ie s ,  whi le the eastern l i m i t  of the Rauansalo 
l i tho fa c ies  has yet to be defined. Southwards along s t r i k e  i t  
appears to correspond to s im i la r  l i tho lo g ies  described by 
Nykanen (1968, 1971a) and to the N i t  may gradually merge with 
the K a l l io ja rv i  l i th o fa c ie s .  A useful reference exposure was 
made at 04,8 22.5during roadworks in 1982, and is depicted in 
Figure 39 c.

Depositional un its  and s t ruc tu res :

A sequence of  graded, mostly massive, mafic metapsammites 
y ie ld  consistent depositional younging d i rec t ions .  Other
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deposit ional features are general ly lacking except in the 
f in e r  upper part of one bed in which r ipp le-cross lamination 
was noted. Some th in  laminated metapeli te is present, but 
the dark green metapsammites dominate, with beds between 1 0  

and 80 cm th ick .  An in t ra fo rm a t io na l , penecontemporaneous 
d is loca t ion ,  rather than la te r  tectonic  f a u l t  appears to be 
recorded by an angular discordance in the upper part of the 
sequence. In several beds below th is  discordance, there is 
evidence of brecciat ion with angular to sub-rounded clasts of 
metapsammite in a veinous, l igh t -co loured matr ix , also 
containing brush- l ike aggregates o f  dark green amphibole and 
a l i t t l e  malachite. The breccia does not cons t i tu te  a discrete 
deposit ional u n i t ;  neither does i t  resemble the usual resul ts  
of tectonic  deformation (contrast  Figures 39a and b ) . .

At l o c a l i t y  05.121.5, 2 km to the S, there is a higher 
proportion of laminated metapel i tes and metapsammite layers 
tend to be th inner than 10 cm. There are frequent a lte rnat ions 
between the two l i t h o lo g ie s ,  a bu f f  or l i g h t  grey metapsammite 
having recognizable c la s t ic  quartz grains and more mafic 
layers, usual ly  graded and much re c rys ta l l i z ed ;  evidence fo r  
d e t r i t a l  o r ig in  is be t ter  preserved in th e i r  f i n e r ,  upper 
port ions. A few beds are p a r t i c u la r l y  r ich in fe ldspar that 
seems to be d e t r i t a l ,  and some metapel i tes are disrupted by 
possible synsedimentary m icro fau l t ing .

3 . 4 . V Ü  .K a l l i o ja r v i  l i th o fa c ies

D is t r ibu t ion  and reference exposures:

This is  developed to the E of the Tikkala l i th o fac ie s  
but th e i r  mutual s t ra t ig raph ica l  re la t ions have not been 
established. Southwards the 1i tho fac ies  may be t ra ns i t iona l  
in to  the Rauansalo l i t h o fa c ie s ,  and to the E, towards the 
area studied by Pekkarinen (1979a) s im i la r  l i th o lo g ie s  were 

noted but not mapped. Representative exposures are found in
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road cutt ings near the lake K a l l i o j a r v i ,  in p a r t i c u la r  at the 
lo c a l i t i e s  02.7 33.2, 03.6 32.5 and 03.5 32.6 .

Depositional un i ts  and s t ruc tu res :

Chlor i te  and muscovite impart a grey-green sheen to the 
abundant thin-bedded mica schis ts . Buff to pale green meta­
psammites are also t y p ic a l ,  and the l i th o fa c ies  is character­
ized by a l te rnat ions of these two l i t h o lo g ie s ,  usual ly  2 - 2 0  cm 
th ick  but with psammite: p e l i te  ra t io  varying considerably
between couplets (compare Figure 39d with e). A d i f fe re n t ia te d  
cleavage para l le l  to bedding often precludes discernment of 
sedimentary features, as in Figure 39e but size grading from 
metapsammite to metapeli te can be preserved, along with 
sedimentary lamination in the la t t e r .  In general the l i th o fac ie s  
contains more c la s t i c  de t r i tus  than the Kukkupaa l i tho fac ies  
yet lacks the coarser and th icke r  deposits of the Tikkala 
l i th o fa c ie s .  In add i t ion ,  the apparent petro logical  d i f fe rence, 
re f lec ted in the abundance of c h lo r i te  instead of b io t i t e  
fu r the r  j u s t i f i e s  i t  being c lass i f ied  separately.
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3.5 VARPASALO PEGMATITE SWARM

Felsic pegmatite dykes are the only synorogenic in t rus ive  
rocks present in the study area and even these are of res t r ic ted  
occurrence, on the is land Varpasalo and the south-western part 
of Oravisalo (map 2). Although they have no re la t ionsh ip  to 
any deposit ional l i tho fa c ie s  a b r ie f  descript ion of  t h e i r  nature 
and o r ig in  is apposite.

Individual dykes are up to 40 m th ick  and are commonly 
fo l ia te d ,  although very coarse, massive,graphic intergrowths of 
quartz and feldspar are also typ ica l  (Figure 13a). Muscovite is 
less common but usual ly  present; b io t i t e ,  beryl and garnet are 
accessory minerals with the l a t t e r  probably a re su l t  of dykes having 
intruded under con d i t ions  of regional amphibol ite facies 
metamorphism (Figure 15 f ) .  Evidence of synkinematic emplacement 
with respect to S3 is  dimensional alignment of small quartz 
grains and f o l i a t e  aggregates of muscovite, and in t ra c ry s ta l l i n e  
deformation of plagioclase phenocrysts, or as in some cases 
porphyroclasts (Figure 13c,d).

The mineralogy of the pegmatites provide few clues as 
to th e i r  o r ig in .  The composition overal l  appears to be near 
that o f  grani te eu tec t ic ;  th is  and the lack of xenol i ths 
preclude placing any constra in t  on source rock chemistry. The 
magma was probably quite anhydrous, with muscovite only 
c r y s ta l l i z in g  at a la te  stage in myrmekitic intergrowths with 
quartz, i n t e r s t i t i a l  to quartz and‘ feldspar phenocrysts 
(Figure 13 e ) .



FIGURE 24: ORAVISALO QUARRY AND KANKAALA LITHOFACIES

ORAVISALO QUARRY LITHOFACIES A

a I r re g u la r ly  d is t r ibu ted  f e l s i c  gran i to id  c lasts  in a matr ix of 
meta-arkose. Also v is ib le  are some dark c lasts  which could be 
of  retrogressed amphibol ite or metamorphosed mud c las ts .  Pencil 
is ly ing above part of an amphibol i te c las t  exceeding 1 m in 
length. This, and the g ra n i t i c  c lasts  are very s im i la r  to l i t h ­
ologies in t e c to n ic a l l y  juxtaposed basement, (Oravisalo 7 5 . 8  15.9)

b Pebbly meta-arkose ly ing on a be t ter  sorted layer lacking in
coarse d e t r i tu s .  The large gran i to id  cobble (approximately 

1 2  cm ) shows a marked de f lec t ion  around i t s  base though the 
underlying meta-arkose layer remains undisturbed. Whilst 
resembling d is to r t io n  due to dropstones, th is  may be ra ther the 
re su l t  of tectonic  deformation; th is  would seem very probable i f  
the elongate dark c lasts below the cobble were of a pre-ex is t ing  
amphibol ite and not duc t i le  mud chips at deposit ion.
(Oravisalo 75.8 15.9)

ORAVISALO QUARRY LITHOFACIES B

c Granitoid c lasts  elongate pa ra l le l  to p r inc ipa l  tectonic  l inea t ion  (
in metapsephite unconformably overly ing sheared, muscovite-r ich 
basement gneisses and migmatites. (Oravisalo 75.8 15.7)

d - f  Sections of metapsephite from above the unconformity, cut perpend­
ic u la r  to the major sch is tos i ty .  Section 'a '  is also perpendicular 
to major tectonic  l inea t ion  while sections ' b ' and ' c ' are pa ra l le l  
to th is  d i re c t ion .  Note the presence of a granular quartz- fe ldspar 
mosaic w i th in  a l l  c lasts  and the va r ia t ion  in roundness and shape 
of c las ts .  Approximately natural size. (Oravisalo 75.8 15.7)

KANKAALA LITHOFACIES

g,h Intensely fo l ia te d  impure metaquartz i tes, or quartzose metapsammites
Note p a r t i c u la r l y  in ' h ' the darker f i n e r  grained part r icher  in 

muscovite and well preserved c la s t i c  grain out l ines.
Approximately natural size. (Oravisalo 75,3 15.2)





FIGURE 25 : RMKKYLA LITHOFACIES

a S3 is  obvious in upper part of two metapsammite layers,
showing inc ip ien t  transposit ion of basal bed i r r e g u la r i t i e s .  
(Varpa sal 0  67.8 20.4).

b Composite Sg- S3 fab r ic  has transposed load casts, preserved
at base of a massive metapsammite layer. The le n t i c u la r  
b io t i t e  aggregates in the underlying l i g h te r  coloured horizon 
are cha rac te r is t ic  of these metasediments. (Oravisal 0  70,6 19.4)

c-g Exceptional ly well preserved load casts and flame structures 
at the base of a massive metapsammite and examples of  planar 
and r ipp le  laminations in the three subjacent layers.
Figure f  in pa r t i c u la r  shows r ipp les ind ica t ing  that bed 
forms prograded from r ig h t  to l e f t  and a superimposed 
d i f f e re n t ia t io n  layering expressed w i th in  the darker bands. 
(Pyhaselka 94.1 20.2).
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FIGURE 26 : RAAKKYLA AND SAMMALLAHTI LITHOFACIES 

RAAKKYLA LITHOFACIES

a C a lc -s i l i ca te  pods up to 12 cm in diameter exposed w i th in
massive Raakkyla l i tho fa c ie s  metasediment, unusually dark 
due to i t  being a f resh ly  blasted exposure (Varkaus road 
near V i i n i j a r v i ) .  More commonly such pods appear le n t i c u la r ,  
confined w i th in  or defin ing 1 i tho log ica l  horizons.

b Metapsammites completely lacking in evidence of  deposit ional
features. The outcrop surface here in tersects  i r re g u la r ,  
anastomozing Sg b io t i t e  f o l i a e ,  hence the dark streaks giv ing 
the appearance of a deformed x en o l i th ic  p lu ton ic  rock.
( Raakkyla 80.8.12.0) .

c Planar beds 20-30 cm th ick  w i th in  a more thickly-bedded
sequence with grading and in te rna l  bed forms being e i ther  
absent or ob l i te ra ted  during metamorphic recrysta l  1 iza t ion .  
(Varpasalo 67.9 19.4).

d Example of  the ra re r ,  t h i n l y  bedded var ian t  of  the l i th o fa c ie s .
(Oravisalo 74.3 17.6).

SAMMALLAHTI LITHOFACIES

e B io t i te  selvedge developed at boundary of bed resembling
typ ica l  Raakkyla l i th o fa c ie s  (a t l e f t )  and metapsammite 
bearing quartzose granules diagnostic of th is  l i th o fa c ie s .
Compass face is 6.4 cm across. (Pyhaselka 91.7 20.0).

f  Further example of Sammallahti l i th o fa c ie s  metapsammite r ich
in granules of  quartzose de t r i tus  having a poor ly  defined t rans i t ion  
to f iner-g ra ined metapsammite. (Pyhaselka 91.7 20.0).





FIGURE 27: NIITTYLAHDENRANTATIE LITHOFACIES

Large ra f ts  of metapsammite apparently show duc t i le  
deformation w i th in  d iam ic t i te .  (N i i t t y l a h t i  91..2 32.4).

Tectonic d is to r t io n  Sg of  tabular  in trabasinal c las ts ;  white 
quartz at  bottom r ig h t  is a discontinuous vein. ( N i i t t y l a h t i  92.2 
32.4).

Between two massive metapsammite beds occurs th is  well 
s t r a t i f i e d  metapsephite with an abundance of h ighly  elongate 
intrabasinal  metaclasts. (N i i t t y l a h t i  91,2 32.4).

Rare example of  channelled scour in a 40 cm th ick  metapsammite 
that also preserves in te rn a l ly  planar s t r a t i f i c a t i o n .
Calcareous pods are r ich in green amphibole.
(N i i t t y l a h t i  91,2 32.4).

Sketch of outcrop section showing massive metapsammites of 
var iable thickness and interbedded dark metapel ite. Beds I I  
through VII could be interpreted as a thickening and 
coarsening upward sequence culminating in the in tra-basinal  
d iam ic t i te  of bed VI I .  Note that th is  does not display 
chaotic slumping but is weakly s t r a t i f i e d ,  and c las t-matr ix  
boundaries are commonly poorly defined suggesting they were 
poorly consol idated and p a r t i a l l y  disaggregated during 
deposit ion. L i th o lo g ic a l l y  they are ind is t ingu ishable from 
the underlying metapsammites. (Ni i t t y l a h t i  91.3 32.2).

Photograph of outcrop sketched in ‘e ‘ ; beds young from top 
l e f t  towards bottom r ig h t  and Brunton compass ( to ta l  length 
20 cm) rests on large metapsammite block in bed VIT.
(N i i t t y l a h t i  91.3 32.2).

Photograph of the more th in l y  bedded metapelite-metapsammite 
al te rnations in the outcrop sketched in f igure  e. Note the 
calcareous pods confined to the metapsammitic layers.
( N i i t t y l a h t i  91.3 32.2).
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FIGURE 28 : NIVA AND NIINIKKOSAARI LITHOFACIES 

NIVA LITHOFACIES

a,b Several d i f f e re n t ,  s p a t ia l l y  associated l i t h o lo g ie s .  Compass 
rests on massive grey metapeli te with several ovoid calc- 
s i l i c a te  pods at the contact with the adjacent laminated, 
but not f i s s i l e  s i l iceous metapel ites. This contact is  also 
present at the base of the photograph where i t  appears more 
gradual. The th i r d  l i t h o lo g y  is  present as two th in  massive 
bands (possib ly  folded re pe t i t ion  o f  a single layer)  green 
inxoTour due to an abundance of  a c t i n o l i t e .  These may 
represent th in  a l te red mafic t u f f s  or even s i l l s  ra ther than 
metamorphosed c la s t i c  deposits. (Pyhaselka 93.9 24.6).

c,d The same s tra ta  several meters along s t r i k e .  Apparent non- 
planar lamination may be tectonic in o r ig in  but note 
espec ia l ly  the massive metape l i t ic  layer near the base of  
the photograph. The small nodules weathered in r e l i e f  do 
not represent coarser de t r i tus  at the base of a graded bed 
but are d i f fuse  a c t in o l i t e  or c h lo r i t o id  porphyroblasts 
presumably re f le c t in g  a compositional d if fe rence across the 
bed. ( Pyhaselka 93,9 24.6).

NIINIKKOSAARI LITHOFACIES

e Ni inikkosaar i l i th o fa c ie s  metapsephites subs tan t ia l ly  modified
by composite Sg- Sg f o l i a t i o n .  Clasts include vein quartz and 
gran i to id  fragments. ( Leppalahti 69.6 29.5).

f  Poorly sorted d iam ic t i te  with angular c lasts  of  a g ran i to id  and
darker o r thoquar tz i te .  Compare lack of  deformational fa b r ic  with 
intense f o l i a t i o n  in  ' e ' .  (Roukalahti 72.8 30.2).
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FIGURE 29 : KARVANURMI AND PITKANURMI SUBFACIES

KARNAVURMI SUBFACIES
Typical l i th o lo g ic a l  associat ion 1n the upper part (presumed 
more d is ta l  aspect) of the subfacies: moderately well sorted
meta-arkose lacking In both pebbly de t r i tus  and metapel i t ic  matr ix 
comprises the bed on the l e f t  whi le to the r ig h t  Is a d iam ic t i te  
with scattered in tra-baslna l  metaclasts and somewhat f in e r  
g ran i t ic  de t r i tus  with an abundant, u n s t ra t i f ie d  metape l i t ic  
matr ix. Compass gives scale. ( Pyhaselka 94.4 28.7).

As in ' a ' ,  a more homogeneous metapsammite interbedded with a 
poorly sorted l i th o lo g y  containing in t ra-bas ina l  metaclasts up 
to 30 cm In diameter (Pyhaselka 94>4 28.7).

Large boulder in metapsephite sequence containing predominantly 
In tra-baslnal de t r i tus .  The boulder I t s e l f  displays internal 
s t r a t i f i c a t i o n ,  with gran i to id  pebbles up to 5 cm in size. Much 
of the iso la te  g ran i t ic  de t r i tus  in the metasephite in general 
may therefore be reworked from comminution of these pre­
ex is t ing  pebbly sediments rather than derive d i r e c t l y  from 
an exposed g ra n i t i c  terrane. (Pyhaselka 94,5 28.5).

Sketch of outcrop showing boulder in f igu re  c. Unfortunately 
no deposit ional younging c r i t e r i a  were recognized but the 
coarsest de t r i tus  has c le a r ly  been transported with a depositional 
un i t  ra ther than forms a basal lag deposit . (Pyhaselka 94,5 28.5),

Poorly defined, te c to n lc a l l y  transposed Intra-basina l  c la s t ;  
note coarser granules near base of c la s t ,  at bottom r ig h t  of 
photograph. ( Pyhaselka 95,4 27.6).

PITKANURMI SUBFACIES

S t ra t i f ie d  metapsephite layer with high matrix to c las t  ra t io  
overlying f i s s i l e  metapsammite or metapel i te. Int ra-basinal 
metaclasts prevai l  over grani to id de t r i tu s .  ( Pyhaselka 94,4 28.3),

In terca la t ion  of i r re g u la r ,  len t ic u la r  poorly sorted metapsephites 
with better  s t r a t i f i e d  metapsammites and metapel ites lacking 
in pebbly grani to id de t r i tus .  (Pyhaselka 94.4 28/4).
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FIGURE 30 : PITKANURMI SUBFACIES

a Angular c las t  of gneissic g ran i to id  in coarse-grained meta-
arkose. Compass face is 6.4 cm across. ( Pyhaselka 95,5 27.2).

b Very poor ly sorted metapsephite with abundant g ran i to id
d e t r i tu s .  Note however tha t  discontinuous s t r a t i f i e d  lenses 
r ich inmetape l i te  are present. (Pyhaselka 94.4 28.4).

c Some of the largest g ra n i t i c  boulders encountered, exceeding
1 m in maximum dimension. They occur w i th in  a th ick  
d iam ic t i te  horizon overly ing the beds seen in f igu re  ' b ' and 
consist of poorly s t r a t i f i e d  and sorted blocks of  g ran i t i c  
de t r i tu s .  The large boulder to the l e f t  of  the compass has 
a f rac ture  travers ing i t  (now moss- f i l led)  which may predate 
1i t h i f i c a t i o n  of the sediment. A t t i tude  of these large 
boulders is weakly imbr icate,  with a ten ta t ive  suggestion 
fo r  a component of  the palaeocurrent vector from bottom 
l e f t  to top r ig h t  of the photograph, (Pyhaselka 94,4 28.5).

d Less obl ique view of same exposure, from out of pine tree.

e , f  Better-sorted and modally f iner-g ra ined than in the foregoing,
a sequence of graded meta-arkose and metapsammite exposed 
in the lower limb of an F̂  recumbent fo ld .  Note especia l ly
the t ranspos i t ion of basal load casts w i th in  the axial  plane
sch is tos i ty .  Bed thicknesses are from 5-50 cm and disp lay
only some features in common with the Bouma sequence. 
(Pyhaselka 95 .5 27.3).





FIGURE 31 : PETAJIKKÜKALLIO SUBFACIES

a Sequence of graded impure meta-arkoses, bed thicknesses
at ta in ing  as much as 5 m. Note that the bed containing 
the largest clasts (of greenish grey o r thoquar tz l te) has 
been deposited on f iner-gra ined beds. ( Pyhaselka
95.2 27.4).

b Impure meta-arkose with rounded or thoquartz i te  c las t
(diagnostic of the subfacies) and smaller pebble of vein 
quartz at bottom r ig h t  o f  photograph. ( Pyhaselka 95.3 26.7).

c,d Polymictic metapsephite with rather high matr ix to c las t
ra t io .  In addi t ion to quartzose metaclasts there are i n t r a -  
basinal metape l i t ic  fragments up to 2 0  cm In length and small 
g ran i to id  pebbles. (Pyhaselka 95.2 27:2).
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FIGURE 32: LENTOSARKKK SUBFACIES AND SALONKYLA SUBFACIES

LENTOSARKKA SUBFACIES

a,b The boundary between two graded fe ldspathic metapsammites
can be traced from top l e f t  to bottom r ig h t  of the photograph, 
with the bed to the r ig h t  being the younger. This boundary 
corresponds c lose ly  to a small pre- tecton ic  duc t i le  f a u l t ,  
recorded by drag in adjacent s t ra ta .  (Pyhaselka 94,6 27.3).

c More deta i led view of f a u l t  zone with rough spaced cleavages
$ 2  and S3 cu t t ing  i t .  ( Pyhaselka 9 4 ; 6  27.3).

d Massive graded bed with unoriented and angular metape l i t ic
clasts in basal port ion. (Pyhaselka 94.8 27.2).

SALONKYLA LITHOFACIES •

e Minor folds with associated crenulat ion cleavage (S5 ) have
deformed discontinuous th in  metapsammite layers that  may 
represent intrabasinal  c las ts .  Host l i t h o lo g y  is be t te r  
s t r a t i f i e d  though also metapsammite. ( Pyhaselka 93.5 29.2).

f  Segregation or invasion of th in  quartz veins imparts a
laminated appearance to th is  massive quartzose metapsammite. 
(Pyhaselka 93..5. 29.2).





FIGURE 33: MULO LITHOFACIES AND HAMMASLAHTI ORE

MULO LITHOFACIES

Major tectonic l inea t ion  (L^) is evident on th is  bedding-parallel  
cleavage plane, t y p ic a l l y  r ich in py r i te .  Approximately 2/3 
natural size. (N i i t t y l a h t i  92.7 35.6).

Same specimen sectioned perpendicular to bedding-parallel  , 
sch is tos i ty .  L i thological  layering of a primary nature is 
evident only from the var ia t ion in sulphide content; the 
black colour is  due to abundant graphite in a calcareous 
metapel ite matr ix, with abundant t remol i te  porphyroblasts.
Small lenses of sulphide perpendicular to the l i tho lo g ica l  
layering define the weaker S4  cleavage. (Ni i t t y l a h t i  
92,7.35.6).

Metadolomitic l i tho lo gy ;  dark bands are coloured by graphite 
but i t  is not certain whether the l ig h te r  laminae are of 
primary depositional o r ig in .  They do d i f f e r  from the obvious 
white ca lc i te  vein that traverses the middle part of the 
specimen. Approximately natural size. (N i i t t y l a h t i
91.3 36.5).
HAMMASLAHTI ORE

Clasts of brecciated metagraywacke in a matrix of mobilized 
chalcopyri te. Natural size. (Hammaslahti mine)

Tectonic brecciat ion of graphi t ic  metapel ite by pyr rho t i te .  
(Hammaslahti mine)

Primary, pre-tectonic banding of pyr rho t i te  in metagraywacke; 
clustered aggregates are presumably metamorphic.
(Hammaslahti mine)

Chalcopyri te-bearing layer ( l ig h te r )  i s o c l i n a l l y  folded 
(probably Fg) with quartzose metagraywacke. (Hammaslahti mine)





FIGURE 34 : KUKKUPAA LITHOFACIES

Calcareous var iant  o f  the l i th o fa c ie s  with th in  darker 
laminae r iche r  in graphite. Small black specks are not 
d e t r i t a l  grains but b io t i t e  porphyroblasts. Approximately 
natural size. (N i i t t y l a h t i  97.7. 30.1) .

Si l iceous and calcareous laminated metapeli tes with an 
ind ica t ion  of cross lamination in the l i g h t e r  middle horizon. 
Note also the truncat ing nature of the calcareous le n t i c u la r  
pod, a f fo rd ing evidence of i t s  pos t -depos i t iona l , diagenetic 
o r ig in .  (Outokumpu Oy monument, K iv isa lmi)

Thin (2-5 mm) rhythmic a l te rna t ions of pale brown quartz- 
carbonate l i t h o lo g y  wi th th in  dark laminae r iche r  in graphite 
and mica which could be in te rpreted as th in  graded beds.
Note espec ia l ly  the well preserved bed t runcat ion and cross 
lamination del ineated by the darker f i lm s .  Approximately 
natural size. (N i i t ty lah t i  97.7 30.1) .

Outcrop sketch showing d i s t r ib u t io n  of massive grey s i l iceous 
metapeli te amongst more common f i s s i l e  micaceous metapel i tes, 
whose primary deposit ional features have been ob l i te ra ted  
or transposed by pervasive S3 crenulat ion cleavage.
(N i i t t y l a h t i  94,8 37.3).

Discontinuous si l iceous-calcareous bands w i th in  metapel i tes 
traversed by Sg crenulat ion cleavage, (Rauansalo 02.5 22.2),

Interbedded cleaved metapeli tes and massive s i l iceous layers , 
the l a t t e r  showing less evidence of deformation fa b r i c ,  and 
re ta in ing primary depositional laminae. (N i i t ty lah t i  94.837.3)
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FIGURE 35 : TIKKALA LITHOFACIES AT TTKKALA-1

Sketch of sequence exposed on western side of Tikkala 
rai lway s id ing. Features to note in p a r t icu la r  are the 
metap^mmites at the base of the exposure. This 10 m sequence 
may be described as a f in in g  and th inning upwards cycle; 
in the context of the submarine fan model (Mutti  and Ricci 
Lucchi, 1975; Walker, 1978) i t  can be interpreted as a mid­
fan depositional lobe progressively starved of coarse 
sediment and consequently blanketed by the overlying sulphide- 
r ich metapeli tes. The upper part of the exposure shows a 
renewed development of coarse c la s t ic  deposits, with 
intrabasinal  conglomerates containing a d iv e rs i t y  of c las t  
types including pink dolomite of uncertain provenance. The 
large boulder depicted in the inset diagram appears to 
record a d i rec t ion  of  palaeocurrent f low from l e f t  to 
r ig h t .  (Onkamo 04.6 17.4).
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FIGURE 36 : TIKKALA LITHOFACIES AT TIKKALA-2

Graded metapsammite beds interpreted as the upper part of a 
f in ing  and th inning upwards sequence ( l e f t )  overla in by 
sulphide-r ich metapel ites ( r ig h t ) .  (Onkamo 04.6 17.4).

Sawn section showing grading in metapsammite interpreted as the 
Ta d iv is ion  of the Bouma sequence. Note the preservation of a 
d e t r i t a l  fab r ic  with angular white feldspar granules and the 
high proport ion of matr ix. The p ro to l i t h  could be considered as 
a fe ldspathic graywacke. Approximately 2 / 3  natural size.
(Onkamo 04,6 17.4).

Alternating lamination of micaceous metapeli te and quartzose meta­
psammite with very l i t t l e  re c ry s ta l l i z a t io n  of  grains. Blobs of 
sulphide 1-2 mm across tend to be al igned w i th in  a la te r  cleavage 
and transect depositional layering ind ica t ing  that they are not 
d e t r i t a l .  Note the def lect ion of metapeli te laminae around the 
large py r i te  grain. Approximately natural size. (Onkamo 04.6 17.4),

A rare, almost complete Bouma sequence with a th ick  massive graded 
basal part (Tg), p la n a r -s t ra t i f ie d  upper part (T^,) and th in  cross- 
and planar-laminated metapel i te (Ted) below succeeding T& 
deposit. (Onkamo 04.6 17.4).

Banded but poorly sorted metapsammites with sporadic pebbly 
de t r i tus  passing upwards (to top l e f t )  in to  layers with more abund­
ant int rabasinal  c las ts .  (Onkamo 04,6 17.4).

Large isolated boulder of in te rn a l ly  s t r a t i f i e d  quartzose meta­
psammite enclosed w i th in  poorly s t r a t i f i e d  metapsammite. Draping 
of several layers around i t  and possible foresets w i th in  one. layer 
at r ig h t  suggest palaeocurrent f low from l e f t  to r ig h t .  There is 
an absence of  slumping or deflect ion of underlying s t ra ta .
(Onkamo 04..6, 17,4).

Sub-angular c las t  of pink metadolomite; th is  l i th o lo g y  is confined 
to one horizon w i th in  a th ick int rabasinal  metapsephite. Primary 
lamination and i r regu la r  ca lc i te  veins or impuri ty  selvedges are 
surp r is ing ly  well preserved. (Onkamo 04..6 17.4).
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FIGURE 37: TIKKALA LITHOFACIES AT HAMMASLAHTI MINE

a At l e f t ,  t h i n l y  bedded a l te rna t ions of metapel i te and
metapsammite, disrupted to the r ig h t  by a minor S3 shear 
zone with associated vein quartz. Fie ld of view approximately 
40 cm across. ( Rauansalo 01,7 28.8).

b Exceptional ly f i n e l y  s t r a t i f i e d  metapsammite overly ing
metapel ite which appears to intrude as a small dyke, possibly 
a dewatering phenomenon. A weak cleavage (?Sg) appears to be 
para l le l  to this structure but i t  is  l i k e l y  to be fo r tu i tous  
and la te r .  Approximately natural size. (Rauansalo 01.7 28.8).

c Interbedded graded metapsammites and metapeli tes exposed
during 1983 at the Z-Avolouhos open p i t ,  Hammaslahti copper 
mine. Note consistent d i rec t ion  of  deposit ional younging 
to r ig h t .  Varia t ions in thickness and le n t i c u la r  nature of 
some metapsammites is a consequence of tectonic  deformation, 
though in trabasinal metapsephites with elongate c lasts  are 
associated. (Rauansalo 01,7 28.8).

d,e Deformed po lymict ic  metapsephite; the most elongate c lasts  are
in t ra -b a s in a l ly  derived metapel ites which were doubtless 
already of low s p h e r ic i t y .a t  time of  deposit ion. Rounder 

. cobbles are of othoquartz i te  or more commonly various kinds 
of  massive to gneissose gran i to id .  Compass length is 
2 0  cm. (Rauansalo 0 2 ..4 28.2).
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ormoĉ uorlzrte



FIGURE 38: TIKKALA LITHOFACIES

a,b Poorly sorted metapsephite containing intrabasinal clasts 
id e n t i f ie d  as deriving from interbedded metapsammites and 
metapel i tes. Clast elongation probably resul ts  from a 
combination of i n i t i a l  shape, and both synsedimentary and 
tectonic  deformation. (N i i t ty laht i  98,.9 36.5).

c Metapel i te sequence overla in by a sequence of massive quartzose 
metapsammites that could be interpreted as a f in in g  and 
thinning upward sequence, s t ra t ig ra p h ic a l ly  underlying that  in 
Figure 35. Apparent le n t ic u la r  nature of the th ickes t  bed 
in pa r t icu la r  could be a resu l t  of tectonic boudinage, 
instead of deposi t ional.  Within the sulphide-r ich metapel ites 
occur two planar graded beds, as almost complete Bouma 
sequence, which are also unusually calcareous. (Onkamo 
04.. 6  17.5).

d Matchbox l ie s  on rounded boulder of Jatu l ian or thoquar tz i te ;
below th is  are mafic volcanic c las ts ,  a l l  in a matr ix of 
degraded (subsequently metamorphosed) vo lcan ic las t ic  materia l.  
Turb id ite  Conglomerate Formation of Pekkarinen (1979).
(Viesimo 14.1 29;5).

e Clasts of Jatu l ian metadoleri te and or thoquartz i te  in
Turbid ite  Conglomerate Formation of Pekkarinen (1979).
(Viesimo 14.. 1 29.5).
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FIGURE 39: RAUANSALO AND KALLIOJARVI LITHOFACIES

RAUANSALO LITHOFACIES

Non-depositional breccia that  does not appear to re la te  to a 
spec i f ic  f a u l t  zone, and which contains a matr ix 1 i t h o lo g ic a l l y  
d i f fe re n t  from surrounding metasediments. (Rauansalo 04,8 22.5).

Tectonic discordance and quartz veining in graded mafic 
metapsammites at base of the section sketched in f igu re  c. 
(Rauansalo 04,8 22,5).

Sketch section depict ing consistent deposit ional younging 
d i rec t ion  indicated by grading from coarse metapsammite. Note 
also the in traformational  discordance in the upper par t ,  
which may be causal ly re lated to the non-depositional breccia 
in the underlying beds. The d ispos i t ion  of  beds at the base 
of the section however, is in te rpreted as resu l t ing  from Group 2 or 
deformation. (Rauansalo 04.8 22.5).

KALLIOJARVI LITHOFACIES

Thin ly  bedded metapsammite ( l igh t -co lou red)  and darker 
metapeli te a l te rna t ions  showing disharmonie Fg fo lds .  Due to 
an abundance of c h lo r i te  and muscovite the rocks are greenish 
grey. Couplets are from 4-8 cm th ick .  (Heinavaara 02,7 33.'2).

Same l i tho lo g ies  as in f igu re  a but more t h i c k l y  bedded with 
metapsammite dominant and disp laying a well  developed 
d i f f e re n t ia t i o n  layer ing,  crenulated by S5  and accompanying Fg 
fo lds .  Compass is about 7 cm in size. ( K a i l i o ja r v i  03,6 32,5).
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4. INTERPRETATION OF LITHOFACIES AND PALAEOENVIRONMENTAL 
ANALYSIS

4.1 ' SOURCES OF INFORMATION

Valuable Information may be obtained from a number of 
sources.

( i )  Depositional processes may be deduced from any 
d i s t in c t i v e  l i th o lo g ic a l  and sedimentary st ructures present; 
some processes can be diagnostic of p a r t icu la r  deposit ional 
environments.

( i i )  Even i f  depositional processes are unknown, cer ta in 
groups of st ructures or sets of s tra ta  can be id e n t i f ie d  as 
belonging to a d i s t i n c t  depositional m i l ieu ;  th is  is frequently  
a un i form itar ian deduction, based on observations from 
contemporary sedimentary environments,

( i i i )  Composition of recognized d e t r i t a l  components 
( inc luding chemical and isotopic cha rac te r is t ics )  can y ie ld  
information concerning source region l i th o lo g ie s ,  weathering 
processes and d i rec t ion  of provenance, although there may
be less information preserved in metamorphosed, schistose 
rocks.

( iv )  Direct ional sedimentary structures may indicate 
palaeoslope and palaeocurrent trends and so help to del ineate 
basin morphology. These are d i f f i c u l t  to in te rp re t  meaning­
f u l l y  in complexly deformed rocks.

(v) Lateral and ve r t ica l  facies t rans i t ions  can be 
related to major events in basin evolut ion. Again, in
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in tensely  deformed, poorly exposed te r ra in  such as that 
under considerat ion, these re la t ionships are a l l  too seldom 
preserved.

In th is  analysis,  deposit ional processes and environments 
are considered together, in re la t ion  to each of the l i tho fac ies  
designated and described above. Succeeding th i s ,  provenance 
and ind ications of weathering are discussed, fo r  relevant 
l i t h o fa c ie s ,  fol lowed by inferences from palaeoslope 
ind ica tors .  F in a l l y ,  an attempt is  made to in tegrate  a l l  of 
these in to  a model of basin evolut ion and deposit ion, w i th in 
a regional s t ra t ig raph ica l  context.

4.2 ORAVISALO ASSEMBLAGE INTERPRETATION

4 .2 . i Oravisalo quarry l i th o fa c ie s  in te rp re ta t ion

I t  is d i f f i c u l t  ta  i n te rp re t  deposit ional processes and 
environment in th is  instance because of the sca rc i ty  of 
outcrops and lack of  con t inu i ty  with other l i th o fa c ie s .  
D is t inc t ive  features of  l i th o fa c ie s  A are massive units 
containing c lasts  of grani te and amphibol ite up to 1  m across, 
with abundant fe ld s p a r ,suggesting an o r ig in a l l y  sandy arkosic 
matrix free of f i n e r  d e t r i tu s .  The d iam ic t i te  texture seems 
appropriate fo r  a debris f low o r ig in  but even so, i t  cannot 
be used to discr iminate between the most probable environments: 
submarine canyon, a l lu v ia l  fan or glacigenic deposit ion 
(e.g. Middleton and Hampton 1976, Rust 1979). The compositional 
and textura l  immaturi ty favour prox imal i ty  to the source with 
l i t t l e  reworking and rapid bu r ia l .

In contrast , l i th o fa c ie s  B shows sub-rounded c lasts  in 
a d i s t i n c t l y  f i n e r  psammo-pelitic matr ix ind is t ingu ishable 
from Raakkyla l i th o fa c ie s  metapsammites and is more c le a r ly  a
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product of subaqueous deposit ion. This facies is c le a r ly  a 
th in ,  local development and d i r e c t l y  overl ies basement; the 
l a t t e r  is  r e la t i v e l y  enriched in muscovite fo r  several meters 
below the tectonized unconformity which may be ind ica t ive  of 
l im i ted  pedogenesis. Overal l ,  th is  appears to record a 
rapid t ra n s i t io n  from subaerial condit ions to a deposit ional 
environment lacking in coarse d e t r i tu s ,  possibly consistent 
with transgression over a surface of  low r e l i e f .

4.2.Ü Kankaala l i th o fa c ie s  in te rp re ta t ion

No sedimentary structures have been noted at a l l  and i t  
is not t o t a l l y  cer ta in  tha t  the granule-sized quartz and 
feldspar are t r u l y  d e t r i t a l  rather  than rec rys ta l l i zed  during 
metamorphism. Although the nature of deposit ional processes 
cannot be establ ished, the presence of abundant, apparently 
non-detr i ta l  sulphide suggests deposition under water rather 
than in an aeol ian environment. Neither sulphides nor 
feldspars are cha rac te r is t ic  minerals in the widespread 
Jatu l ian o r thoquar tz i tes of Kare l ia , w i th in  which a large 
t e r re s t ia l  ( inc luding aeolian) component is evident 
(Ojakangas 1965, Pekkarinen 1979a).

The a l te rna t ive  to a psammitic d e t r i t a l  quar tz- fe ldspar 
p ro to l i t h  would be a chemical si 1 ica- fe ldspar  p rec ip i ta te .  
This has analogues at Outokumpu, where a now metamorphosed, 
cherty horizon was apparently associated with ore genesis and 
hydrothermal leaching and exhalat ion (Huhma and Huhma, 1970). 
In the present instance a h ighly  a lka l ine  brine would be 
required, to f a c i l i t a t e  subsequent fe ldspar p re c ip i ta t io n ;  
deep weathering of a nearby g ran i to id  te r ra in  would be a 
log ical  source fo r  such brines.
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4.2.111 Oravisalo post o f f ic e  l i th o fa c ie s  in te rp re ta t ion

As in the previously described fac ies ,  l im i ted ,  poor 
exposure, tectonic modi f icat ion and lack of s t ra t ig raph ie  
context make in te rp re ta t ion  d i f f i c u l t .  An addi t ional  d i f f i c u l t y  
is uncer ta inty as to whether the p r o to l i t h  was of  e f fus ive or 
pyroc las t ic  nature.

4.3 PYHASELKA ASSEMBLAGE INTERPRETATION

4.3.1 Raakkyla l i th o fa c ie s  in te rp re ta t ion

Although abundantly exposed, at least  by Finnish standards, 
the l i tho fa c ie s  is monotonously homogeneous and apparently 
bed thickness can exceed outcrop dimensions. Sporadic 
th inner beds with d i s t i n c t  planar boundaries are observed 
while s t i l l  less commonly, basal load deformation features 
a t tes t  to successive rapid accumulations of unconsolidated 
sediment (Figure 25 ).

Only at one exceptional l o c a l i t y  (94.1 20 .2 )have sedimentary 
structures w i th in  a bed been noted. These comprise megaripples 
(wavelength to amplitude ra t io  about 4) and foreset accum­
u la t ions ,  the l a t t e r  giv ing r ise  to cross-lamination w i th in  
several successive tabular beds. Rare t rans i t ions  from psammite 
to p e l i te are the only ind ications of grading tha t  have not 
been ob l i te ra ted  by metamorphic r e c ry s ta l l i z a t io n ;  i t  is not 
c lear to what extent present grain sizes re f l e c t  o r ig ina l  
characters, but 0 .1 -  1 mm seems a l i k e l y  range. Because of 
the general lack of  grain size and mineralogical var ia t ion  
i r respect ive of  bed thickness, the facies is in a sense well 
sorted; this could be a function of d e t r i t a l  sizes inheri ted 
from the source area, rather  than simply a re su l t  of f in a l  
deposit ional processes.
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The abundance of fe ldspar , p a r t i c u la r l y  plagioclase, 
and the vast volume of th is  l i th o fa c ie s  suggest abundant 
supply and rapid dispersal and bur ia l  of composit ional ly 
immature sediment. Al l  these features would be consistent with 
de t r i tus  from an intermediate p lu tonic  or bimodal volcanic 
source, deposited in a de l ta ic  or shallow marine environment 
and subsequently reworked and redeposited by high density 
t u r b i d i t y  currents.  The general thickness of beds showing 
large load casts seems more consistent with the l a t t e r  than 
stormed-induced reworking of she l f  deposits. The cross­
bedded sets re ferred to above are not diagnostic of a 
p a r t i c u la r  environment. Though they could form f l u v i a l l y ,  
such bed forms are encountered in coarse c la s t ic  pebbly 
sandstone, associated wi th more typ ica l  tu rb id i te s  (Walker 
1979). The di f ference to note here is  the absence of pebbly 
d e t r i tu s ,  presumably due to weathering or winnowing processes 
at  an e a r l ie r  stage of sedimentation.

Further ind ica t ions that  the Raakkyla l i th o fa c ie s  v/as 
formed by sediment g rav i ty  flows comes from l i th o lo g ie s  in 
the apparently interbedded Sammallahti and N i i t ty lahdenran ta t ie  
l i tho fa c ie s  discussed below (Sections 4 .3 . i i  and 4 . 3 . i i i ) .

Since i t  has not been possible to id e n t i f y  abundant 
sedimentary structures and la te ra l  bed geometry i t  is not 
easy to assign the l i th o fa c ie s  to a p a r t icu la r  se t t ing ,  fo r  
instance w i th in  a submarine fan complex. The l i th o lo g ie s  
most c lose ly  resemble the arenaceous Facies (low p e l i te ;  
psammite ra t io )  of Mutt i and Ricci Lucchi (1975), or massive 
sandstone facies of Walker (1978); the Bouma tu r b id i t e  
sequence is not s t r i c t l y  appl icab le. Within the context of 
the submarine fan deposit ional model, these occur in the 
commonly channelized proximal, suprafan area or beyond th is  
region, comprising major aggradational depositional lobes 
(Figure 40b).
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Tectonic s t ra in  and lack of continuous outcrop preclude 
recognit ion of broad le n t i c u la r  geometry w i th in  the Raakkyla 
l i th o fa c ie s .  Furthermore, the dominance of th is  l i tho fa c ie s  
in North Karel ia may ind icate a departure from the concept 
of a single source with radial  dispersal onto a fan area - 
possibly mu lt ip le  sources gave r ise  to an accumulation of 
coalesced fans. A l te rn a t iv e ly  the scale of fan development 
may have been considerably larger than the area present ly 
preserved with more d is ta l  metape l i t ic  deposits eroded away 
or te c to n ic a l l y  dislocated.

Estimations a f te r  allowance fo r  s t ruc tura l  modif icat ion 
suggest the facies is  at least 3 km th ick  at Oravisalo with 
a preserved areal d is t r ib u t io n  exceeding 2500 km^; i t  may 
thus approach a volume of 10 000 km^.

4.3.i i  Sammallahti l i th o fa c ie s  in te rp re ta t ion

Absence of grading and depositional current structures 
l im i t s  in te rp re ta t ion  of th is  l i t h o fa c ie s .  Pert inent however 
are sharp t rans i t ions  between matrix-supported coarse c la s t ic  
layers and a l te rna t ing  Raakkyla facies l i th o lo g ie s .  This grain 
size contrast may re f l e c t  var ia t ions in in te n s i ty  of the same 
type of deposit ional process, or else requires a somewhat 
d i f fe re n t  provenance fo r  the coarser grains whose composition 
indicates an extrabasinal o r ig in .  Both l i tho lo g ie s  correspond 
well to the massive and pebbly sandstone facies in Walker's 
(1978) review of deep-sea coarse c la s t ic  deposits. Walker does 
not consider i t  appropriate to c la s s i fy  such deposits according 
to the conventional Bouma tu r b id i t e  sequence, but ra ther as 
derivat ives of higher-densi ty  t u r b id i t y  currents, with some 
degree of f lu id ize d  f low in the f in a l  stages.

Stanley (1975) assigns grain f low and f lu id ize d  flow 
deposits to high gradient environments (4 .5 ° -  10°) such as
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canyon axes, slopes and fan val leys. Lowe (1976) contends 
however that natural grain flows of sandy material (dispersion 
maintained by granular c o l l i s io n s )  cannot exceed 3 cm in thickness 
and that  f l u id ize d  flows (dispersion maintained by upward f low 
of escaping pore f l u i d )  can only transport  material f i n e r  
than medium-grained sand. Thus these mechanisms alone could 
not have been responsible fo r  t ransport  of the coarser de t r i tus  
in the Sammallahti l i t h o fa c ie s ,  which may be up to 1 cm in size, 
occurring in beds over 10 cm th ick .

Middleton and Hampton (1976) speculate on progressive 
devolut ion of sediment-gravity flows from slumps (which possess 
in ternal cohesion and f i n i t e  y ie ld  strength) through debris 
flows to high then lower density t u r b i d i t y  currents with f l u i d ­
ized and l ique f ied  (grain) flows during the waning stages of 
deposit ion (Figure 40a). Lowe (1976) recognizes another category, 
that of density modified grain f low in which i n t e r s t i t i a l  grains 
aid in maintaining and supporting a dispersion of coarser, even 
sandy conglomeratic mater ia l.  This could well be represented 
by the Sammallahti l i t h o fa c ie s ,  with intervening f in e r  meta- 
psammites being the products of more conventional t u r b id i t y  
current f lows. I f  the i n t e r s t i t i a l  matr ix of a density-modif ied 
grain f low atta ins a degree of cohesion i t  may evolve in to  a 
debris f low, or the converse may occur on loss of cohesion by 
f l u id iz a t io n .  This may also be recorded in the Sammallahti 
l i tho fac ies  as coarse-grained pockets, (as opposed to discrete 
layers)  are sometimes seen, ind ica t ing  massive transport  and 
progressive disaggregation of loosely consol idated in t ra -  
formational deposits.

This implied reworking, and the in ferred processes indeed 
suggest a proximal, r e la t i v e l y  high-gradient environment w i th in  
a submarine fan complex - a broad channel or suprafan feeder.
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I t  must be stressed however that t rac t iona l  deposit ion in a 
marine shelf -s lope environment, with poor sor t ing ,  cannot be 
ca tego r ica l ly  refuted.

4 .3 . i i i  Ni i t ty lahden ran ta t ie  l i tho fac ie s  in te rp re ta t ion

The abundant, coarse and s t r a t i f i e d  intraformat ional 
conglomerates, lacking slump s truc tures,  s trongly  suggest 
deposition from debris f lows. According to Middleton and 
Hampton (1976) these may develop on slopes as low as 1°, with 
an i n t e r s t i t i a l  matr ix composed of water and c lay or sand often 
considerably less than 20% of the f low volume. Because of 
matr ix cohesion, and moreover, higher density than that  of 
ambient f l u i d s ,  debris flows are able to passively transport 
very coarse mater ia l ;  in the N i i t ty lahdenran ta t ie  l i tho fac ies  
le n t i c u la r  or tabular clasts may exceed 5 m in length.

Other depositional mechanisms are indicated fo r  the i n t e r ­
vening massive sandstone metapsammite s . Figure27d shows a 
scoured channel wi th the overly ing bed displaying basal cross­
bedding and planar s t r a t i f i c a t i o n  in the upper part .  Apparent 
le n t i c u la r  nature could have been induced by tectonic  boudinage 
but the overal l  aspect resembles deposits of facies A, Bi and 
Cl in Mutti  and Ricci Lucchi's (1975) c la s s i f i c a t io n  which are 
assigned to canyon or channel f i l l  in the proximal or inner 
part of a submarine fan complex. This appl ies especia l ly  to the 
debris flows deposits (Mutti  and Ricci Lucchi facies Ag).

Beds I I  through V I I I  in Figure 27e represent a section tha t  
corresponds c lose ly  to a small scale coarsening and thickening 

upward sequence as defined by Mutti  and Ricci Lucchi (1975). 
These are considered to develop as an ac t ive ly  prograding 
submarine feeder channel bui lds a suprafan deposit ional lobe 
(Figure 40c). Mutti  and Ricci Lucchi 's model is derived from
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ancient sequences but accords with the descript ions from 
modern fans by Normark (1977) ; in  his c la s s i f i c a t io n ,  suprafan 
deposits belong to the middle fan environment. A sequence 
th inner than the normal 30-40 m is considered by Walker (1978) 
to be found in shallow suprafan channels resu l t ing  from rapid 
channel switching.

The Nii t ty lahdenran ta t ie  l i th o fac ie s  as present ly exposed 
may be several hundred meters th ick  and can be traced along 
s t r i k e  fo r  nearly 10 km; i t  cannot be ascertained whether i t  
is  a l inea r  or a rea l ly  extensive l i th o fa c ie s .  Walker (1978) 
tabulates some cha rac te r is t ic  features of ancient feeder channels; 
a wide ra t io  of length : width : depth is evident which encompasses 
the apparent dimensions of the Nii t ty lahdenran ta t ie  l i t h o fa c ie s ,  
but de t r i tus  is f requent ly  f in e r .  Stanley (1975) also reports 
fan va l ley  widths of 1-10 km with coarse c la s t ic  f i l l .

The debris flows of th is  l i th o fa c ie s  almost c e r ta in ly  
developed over f iner-gra ined sequences and do not represent the 
e a r l ie s t  deposits associated with basin subsidence. The inference 
is supported by the ubiquitous presence of de t r i tus  resembling 
the Raakkyla l i t h o fa c ie s ,  ind ist ingu ishable from intercala ted 
metapsammite s . I t  is therefore concluded that the deposits 
represent a period of  act ive fan progradation due to an increase 
in supply of d e t r i t u s ,  or a re la t ive  lowering of sea leve l .  A 
co ro l la ry  of th is  is that a more proximal channelized environment 
is superimposed or incised on more "d is ta l "  deposits as a major 
coarsening and thickening upward sequence (Walker 1978). A 
fu r the r  co ro l la ry  is that  the ul t imate source area would become 
more d is tan t ,  hence the presence of only reworked, intraformat ional 
de t r i tus .  Because of the tectonic posi t ion of the exposures on 
the truncated, inverted limb of a major Fg fo ld ,  i t  cannot be 
seen in what manner the o r ig i n a l l y  overlying stra ta recorded 
cessation of progradation and fan avulsion.
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4 . 3 . 1 V  Ni va l i tho fa c ie s  in te rp re ta t ion

This d i f f e r s  subs tan t ia l ly  from the rest  of the Pyhaselka 
assemblage even though i t s  upper part may be s t ra t ig ra p h ic a l ly  
in te rcala ted with metapsammites of  the Raakkyla l i th o fa c ie s .
I t  has not been possible to i d e n t i f y  depositional features or 
bed thicknesses w i th in  the massive grey metapel i tes. Consequent­
l y  i t  is not known whether they represent successive d i lu te  
t u r b id i t e  mud f lows,  pelagic deposit ion or subaqueous deposit ion 
of tuffaceous clays.

The f ine  lamination in the greyish cherty layers are 
probably depositional in that they are deformed by ear ly  
structures which predate the regional Sg metamorphic segregation 
(Figure 28 ) .  Some of  these laminae may show depositional 
truncat ion or cross-bedding (Figure 28) but these cannot be used 
to deduce depositional environment. Equally these layers could 
have been th in  s i l iceous (or leached mafic) tuffaceous deposits, 
mud or s i l t  tu rb id i te s  or p a r t l y  chemical p rec ip i ta tes  and 
pelagic clay deposits, a l l  subject to mild current reworking 
and winnowing.

The th in ,  green, amphibole-r ich layers show a d i s t i n c t  
competence contrast  with respect to the above two l i th o lo g ie s  
(Figure 28b) and tend to show sharp contacts. I t  may well be 
that  they represent th in  mafic s i l l s  intruded w i th in  a sequence 
of poorly consol idated, water-r ich sediment. The l a t t e r  
qu a l i f i ca t io ns  are made to account fo r

1) lack of  obvious contact aureoles, probably due to rapid 
convective heat loss,

2) "stratabound" nature of s i l l s :  overburden and water 
load may have prevented brecciat ion or extrusion of magma as a 
submarine f low, and
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3) one contact which shows features analogous to load 
casts , except that re la t i v e  cleavage/bedding vergence suggest 
that the layers are on an F g inverted limb ( tha t  i s ,  lobes 
bulge upwards, not downwards). A ten ta t ive  in te rp re ta t ion  is 
tha t  th is  is analogous to both p i l low  lavas and sedimentary 
load casts , in that both essen t ia l ly  represent the in ter face 
between two f lu id s  with a considerable density contrast 
(complicated by the temperature di f ference between magma and 
w a te r ) .

Fai lure of the s i l l  to r ise  to a higher level during 
in jec t ion  may have led to small scale doming of the coherent 
but duc t i le  upper surface before freezing of the magma. Such 
in te rpre ta t ions  are nevertheless constrained by uncerta inty  
concerning the e f fec ts  of tectonic  boudinage, as is possible 
in the example shown in Figure 28b.

I f  they are not s i l l s ,  these layers are possib ly  altered 
tuffaceous deposits or even chemogenic. The absence of obvious 
terrigenous de t r i tus  indicates quiescent conditions with e i ther 
low d e t r i t a l  input to the basin, or else deposit ion on the 
d is ta l  basin f lo o r .

4.4 KETTAMG ASSEMBLAGE

4.4.1 Kettamonniemi l i tho fa c ie s  in te rp re ta t ion

The four l i t h o lo g ic a l  subfacies recognized do not appear 
to d i f f e r  s i g n i f i c a n t l y  in observed depositional structures 
except in the fo l lowing.

1) There is a tendency towards increased muddy matr ix 
( p e l i t i c )  content from the Peta j ikkbka l l io  and Pitkanurmi
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subfacies through the Karvanurmi subfacies to the Lentosarkka 
subfacies. Re la t ive ly  higher cohesion might have influenced 
deposit ional mechanisms though Middleton and Hampton (1976) 
suggest, fo r  instance, tha t  debris flows are feas ib le  with as 
l i t t l e  as 1% f l u i d - c la y  component.

2) A general decrease in coarse de t r i tus  occurs towards 
the Lentosarkka subfacies and Salonkyla l i th o fa c ie s .  This is  
apparently an o r ig ina l  s t ra t ig raph ie  younging feature (see 
Map 3 ) re la t ing  d i r e c t l y  to sedimentary features and the 
deposit ional mechanisms may have varied accordingly.

The thick-bedded metapsephites of the lower part  of the 
l i th o fac ie s  may be re ad i ly  c la s s i f ie d  as d iamict i tes resu l t ing  
from debris f lows. Since c las t  composition and size suggest 
prox imal i ty  to source i t  should not be assumed that  such debris 
flows occurred only w i th in  a submarine canyon-fan context. 
Te rres t r ia l  a l lu v ia l  fan deposition would also be considered 
possible, since the scale and overal l  trend of the sequence is 
consistent with examples given by Rust (1979). I t  is  also 
possible to envisage an a l lu v ia l  fan developed at a basin 
margin leading to redeposit ion in a submarine fan environment, 
fu r the r  b lu r r ing  d is t in c t io n  between the two systems.

Walker (1979) suggests tha t  the problem of such ambiguous 
coarse c la s t i c  deposits can be resolved by examining th e i r  
context with respect to enclosing deposits. For instance in th is  
case, debris flows associated with c lassical Bouma tu rb id i te  
sequences would indicate a submarine rather than te r r e s t r i a l  
se t t ing .  Complete Bouma sequences are very rare in the study 
area but wel l preserved graded bedding with basal load casts 
ind icate t u r b i d i t y  current deposit ion between coarser c la s t ic  
deposits in the lowermost exposed Peta j ikkokal1io facies.
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Carter and Lindqvist (1977) describe the development 
of a submarine fan and canyon complex in New Zealand with an 
abrupt t ra n s i t io n  from a c l i f f e d  shorel ine wedge to proximal 
canyon deposit ion. In the former, deposits include cross­
bedded sands with t ra c t ion  features,but lack t u r b i d i t i c  graded 
beds; th is  contrasts with deposits of  the Kettamonniemi l i t h o ­
facies.  In a review of resedimented rud i tes ,  Kel l ing and 
Holroyd (1978) describe a canyon fan sequence with many 
charac te r is t ics  in common with the Kettamonniemi l i th o fa c ie s .
These authors have measured certa in parameters such as maximum 
c las t  s ize,  rud i te  bed thickness and depth of basal scour with 
which the fo l lowing q u a l i ta t i v e  observations from the 
Kettamonniemi l i th o fa c ie s  corre la te :

1) maximum size of extrabasinal c lasts  (e.g. quar tz i tes ,  
gran i to ids)  gradual ly decreases upwards through a sequence 
100-200 m th ick ,

2) intrabasinal c lasts  are more abundant in the upper 
par t ,  but maximum size is  not so var iab le ;  they are presumably 
more buoyant and read i ly  transported, and

3) thickness of rud i te  un i ts  remains f a i r l y  constant 
(considering presence of abundant de t r i tus  coarser than 1 cm as 
defin ing ru d i te ) ,  seldom exceeding 3 m. Such a sequence is 
interpreted by Kel l ing and Holroyd (1978) as gradual starvation
of extrabasinal d e t r i tu s ,  but maintainence of s im i la r  depositional 
environment and energy levels throughout. In general, the 
Kettamonniemi rudi tes (or metapsephites) can be correlated 
with Kel l ing and Holroyd's Type 2 deposits, being poorly channelled 
with a var iable degree of organizat ion, assigned to a d is ta l  
rather than proximal canyon environment. The more proximal facies 
could have been exposed and reworked or te c to n ic a l l y  displaced by 
movement on the Kettamo th rust .
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In addi t ion to th is  evident overal l  progression from 
debris f low dominated deposit ion in an inner fan or canyon to t u r ­
b id i t y  current deposition of arenites on the suprafan, there 
are some smaller scale features of in te res t .  While detai led 
s t ra t ig raph ica l  cor re la t ion  may be hampered by poor exposure 
and the p o s s ib i l i t y  of undetected d is locat ions,  i t  appears 
that the Pitkanurmi subfacies belongs to a younger cycle of 
rud i tes ,  overlying the Peta j ikkokal1io and Karvanurmi subfacies 
(see Map 3 ). Thus through a sequence possibly 50 m th ick  a 
t ra ns i t io n  is observed from quartz metapsammites and metapel ites 
to deposits at f i r s t  resembling those of th in ,  matrix-supported 
debris flows (Figure 29f) then an increasing proport ion of 
g ran i t ic  de t r i tus  (Figure 29g) and f i n a l l y  more massive c la s t -  
supported d iam ic t i te  with grani te boulders exceeding 1 m in 
maximum dimension (Figure 30e). This passes r e la t i v e l y  abruptly  
upwards (about 30 m) in to  fe ldspath ic  metagraywacke which 
gradually diminishes at the expense of th inner quartz meta­
psammites of the LentosarkkM subfacies and Salonkyla l i th o fa c ie s .  
This to ta l  sequence has the appropriate magnitude and propert ies 
of a coarsening and thickening upward sequence re f le c t in g  
progradation of a canyon or suprafan system, fol lowed by 
r e la t i v e l y  rapid avulsion due to la te ra l  channel migration or 
f i l l i n g  of the channel system. Such progradation could resu l t  
from increased d e t r i t a l  supply, re la t ive  lowering of sea level 
or increased gradient of basin margin due to tectonic a c t i v i t y .

The in te rp re ta t ion  of the underlying Pe ta j ikkoka l l io  and 
Karvanurmi subfacies is less c lea r ,  but both appear to have 
arkosic metagraywackes lowermost with coarser material increasing 

upwards fol lowed by a f a i r l y  abrupt t ra ns i t io n  to progressively 
f i n e r  l i t h o lo g ie s ,  in turn succeeded by the Pitkanurmi sequence. 
Figure 31ashows the uppermost coarse deposits seen in the 
Peto j ikkbkal1io subfacies and records, w i th in  20 m, a t ra ns i t io n  
from deposition of conglomerate containing meter-sized extra-



132 -

basinal de t r i tus  to thin-bedded quartz psammites and pe l i tes .
This again suggests a major progradation and fan abandonment or 
channel migrat ion but is also of suitable scale and morphology 
fo r  a subaerial a l lu v ia l  fan (Rust 1979). As discussed e a r l i e r ,  
the former in te rp re ta t ion  is favoured because of the resemblance 
of the massive graded metagraywackes to tu rb id i te s .

The second general observation is of two d i s t i n c t  but 
frequently  juxtaposed l i t h o lo g ie s ,  especia l ly  w i th in  the 
Karvanurmi and Pitkanurmi subfacies. The f i r s t  is a r e la t i v e l y  
homogeneous, almost arkosic sediment lacking in internal  structures 
and containing occasional coarser gran i to id  or quar tz i te  clasts 
while the second is  a disorganised d iam ic t i te  with a muddy matrix 
and i r r e g u la r l y  d is t r ib u te d ,  dominantly intrabasinal  c las ts .  The 
two types are shown in f igures 29 and 30.

The dif fe rence may derive from deposit ional mechanisms, or 
source material var ia t ions .  In the former case, the muddy 
d iamic t i tes  could have been deposited as cohesive debris f lows, 
whereas the more homogeneous arkosic beds could have been 
separated from f i n e r  material by turbulence and g rav i ty  s e t t l in g  
and s e t t l in g  during less dense, non-cohesive sediment-gravity 
f lows. In envisaging dif ferences due to d i f fe re n t  source, the 
absence of the muddy d iamic t i tes  from the Pe ta j ikkoka l l io  
l i th o fa c ies  is per t inent .  Thus these apparently develop higher 
in the sequence than the somewhat better  sorted arkosic conglom­
erates. This may indicate that there were no accessable muddy 
horizons avai lable fo r  reworking and downslope t ransport  in the 
ear ly  stages of deposit ion, but rather only coarse-grained 
winnowed de t r i tu s .  An addi t ional  p o s s ib i l i t y  is tha t  the arkosic 
conglomerates were deposited by sediment-gravity flows along the 
canyon or channel axis and the muddy d iamict i tes from slumps 
devolving in to  debris flows derived from the steeper channel f lanks
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and wal ls ;  a higher proportion of  f in e r  de t r i tus  would p o te n t ia l l y  
be avai lable from erosion of adjacent levees and interchannel 
areas.

The Lentosarkka subfacies contains minor amounts of both 
these l i th o lo g ies  but also shows the only d e f in i t i v e  example 
of  slumping seen. I t  appears however that the slumped material 
was quite consol idated and coherent as the discordance transects 
two deposit ional un its  rather  than fo l lowing the pel i t i c  top of 
the lower bed (Figure32a).

In summary, the Kettamonniemi l i tho fac ies  can be interpreted 
in terms of two major coarsening and thickening upward sequences 
associated with basin margin subsidence and canyon-submarine 
fan progradation, culminating in th in -  to medium-bedded planar 
deposits more cha rac te r is t ic  of the middle fan environment.

4 .4 . i i  Salonkyla l i tho fac ies  in te rp re ta t ion

There is no prec ise ly  defined boundary with the presumably 
underlying Kettamonniemi l i th o fa c ie s  and the l i tho fa c ies  seems 
l i k e l y  to record progressively more d is ta l  deposition in the same 
submarine fan system. There is no ind ica t ion however of th icker  
metapeli te units ind ica t ive  of the outer fan or basin p la in 
environment, though metamorphic re c ry s ta l l i z a t io n  may have obscured 
some grain size d is t in c t ion s .  Rather planar, th in -  to thick-bedded 
quartz - r ich metapsammites (with no discern ib le grading) suggest 
cor re la t ion  with Mutti  and Ricci Lucchi 's (1975) tu rb id i te  facies 

and D^,assigned to suprafan deposit ional lobes and interlobe 
deposits respective ly . Rare channelized environments may have 
been present, containing intrabasinal  clasts as evident in 
Figure 32f.
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4.5 HAMMASLAHTI ASSEMBLAGE

4.5.1 Suhmura l i th o fa c ie s  in te rp re ta t ion

I t  is  possible tha t  th is  overl ies the Mulo l i t h o fa c ie s ,  at 
f i r s t  being represented by rusty  massive metapsammites, but i t  
is d i f f i c u l t  to demonstrate th is  conclusively. The re la t ionsh ip  
is p o te n t ia l l y  an important one as i t  records a major change 
in depositional environment and mechanisms, by way of  in f lu x  of  
quartzose terr igenous d e t r i tu s .  For the most part  the Suhmura 
l i th o fac ie s  is ind is t ingu ishable from the Salonkyla l i th o fac ie s  
and only th e i r  occurrence on opposite sides of the trace of the 
Kettamo th rus t  zone precludes t h e i r  cor re la t ion  in t h is  study. 
These monotonous quartz- r ich th in -  to thick-bedded un i ts  there­
fore probably represent deposit ion from t u r b i d i t y  durrents, but 
th is  should not be t a c i t l y  accepted,in view of the absence of 
very th ick  beds and preserved sedimentary features of  any kind. 
Other mechanisms are p laus ib le ,  i f  not demonstrable - fo r  
example, storm-induced or other forms of t rac t iona l  reworking 
in a shelf  environment. Between Suhmura and N i i t t y l a h t i  the 
l i th o fa c ies  is deformed in two major, recl ined F3 anti forms 
separated by a narrow inverted limb zone. Simple tr igonometr ical  
ca lcu la t ion  from limb dip and area suggest a present thickness 
exceeding 1  km,

4.5.Ü Kilpelankangas l i tho fa c ie s  in te rp re ta t ion

Like the Salonkyla l i t h o fa c ie s ,  th is  has a l i th o lo g ic a l  
counterpart above the Kettamo th rus t  zone, being c lea r ly  
comparable to the Lentosarkka subfacies. I t  is possible that 
in truncat ing the basin sequence, thrust ing has juxtaposed th is  
proximal sequence with more d is ta l  deposits. The Kilpelankangas 
l i th o fa c ies  does contain some thick-bedded graded fe ldspathic 
metagraywackes which can l ikewise be interpreted as deposits from 
high-density  t u r b id i t y  currents. There is however a r e la t i v e l y  
high proport ion of thin-bedded deposits, inc luding metapeli te
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that could have formed as suprafan in ter lobe deposits, or more 

d i s t a l l y .  There are addit ional  minor components resembling 
the dark calcareous metapel i tes of the Mulo l i tho fa c ies  (but 
lacking in feldspars) which, i f  s t ra t ig ra p h ic a l ly  autochthonous, 
may indicate typ ica l  "background" hemipelagic or chemical 
sedimentation at low rates of terr igenous input,  punctuated 
and maybe reworked by deposit ion from t u r b id i t y  currents.

4.5. i i i  Mulo l i tho fa c ie s  in te rp re ta t ion

The Mulo l i th o fa c ie s  is d is t in c t i v e  in that  i t  lacks 
id e n t i f i a b le  c la s t i c  mater ia l ,  including mica tha t  could have 
had a d e t r i t a l  c lay precursor. I t s  re la t ionsh ip  to other 
l i th o fa c ies  is not well establ ished except that rus ty  meta­
psammites interbedded in the ( in fe r red)  upper part could be 
contiguous with the more normal quartz metapsammites of the 
Suhmura l i th o fa c ie s .

Since c la s t i c  provenance is not re levant, i t  seems most 
appropriate to discuss o r ig in  in d i rec t  re la t ion  to depositional 
environment. The two most l i k e l y  environments suited to 
accumulation and preservation of non-c last ic  deposits are a 
d is ta l  or re s t r ic ted  basin f l o o r ,  or a shallow-marine shel f  with 
a lo w - re l ie f  h in ter land. Unfortunately, in th is  instance no 
c r i t e r i a  appear to convinc ingly discr iminate between these.

With regard to processes of o r ig in ,  there would seem to 
be three major p o s s ib i l i t i e s  occurr ing in d iv id u a l ly ,  or in 
any combination.

a) Pelagic chemical p rec ip i ta t ion  took place whenever 
saturat ion in any ambient sea-water component was attained.

b) Deposition was by brine re f lux ing ,  by upwelling onto 
a she l f ,  or a f low of denser brines into a ponded basin. This
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could ex is t  as a closed chemical system as long as some form 
of chemical gradient was present.

c) Hydrothermal f l u i d  exhalat ion and p re c ip i ta t io n  
(with or without volcanic a c t i v i t y )  occurred with leaching of  
underlying stra ta  including any intrabasinal  in t rus ive  rocks 
at depth.

d) This p o s s ib i l i t y  is not s t r i c t l y  chemogenic, namely 
d ista l a i r - f a l l  t u f f s  extensively  leached and rec rys ta l l i zed .

Apart from the l a t t e r  p o s s ib i l i t y ,  fo r  which no d i rec t  
evidence is ava i lab le ,  and in sp i te  of metamorphic r e c r y s ta l l ­
i za t ion ,  i t  seems that  the o r ig ina l  mineralogy can be expressed 
as the fo l lowing four major components.

1) A lka l i  fe ldspar, now present as microcl ine and lesser 
Na-plagioclase.

2) Carbonate component. Though now exc lus ive ly  c a lc i te ,  
abundant Mg-tremoli te porphyroblasts, yet v i r tu a l  absence of any 
magnesian p h y l lo s i 1 icate phase may indicate that  the o r ig ina l  
carbonate was do lomit ic .

3) Carbonaceous component. The present graphite may 
possibly resu l t  from denaturing of hydrocarbons.

4) Sulphide and possible o r ig ina l  sulphate component.
This is now expressed as abundant py r i te  and py r rho t i te  with 
minor chalcopyr i te  and sphaler i te .

Each of  these components w i l l  be discussed with respect to 
the three possible mechanisms already outl ined although i t  should 
be recognized that t rea t ing  each component independently may 

not be e n t i r e ly  r e a l i s t i c .  For example, sulphide and organic
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carbon contents can vary sympathetical ly with each other 
(Trudinger and Wil l iams, 1981) and authigenic fe ldspar could 
conceivably form d iagenet ica l ly  from an i l l i t e - d o lo m i te  reaction 
thus being l inked to the carbonate component. The depositional 
age of the Mulo l i th o fac ie s  is also relevant to discussions 
of i t s  o r ig in .  Unfortunately only ind i rec t  evidence is avai lable 
but an age between 2.0-2.1 Ga w i l l  be deduced below to be 
probable. A lower, conservative estimate comes from U-Pb dating 
of  d e t r i t a l  u ran in i te  in a c las t  from the e a r l ie s t  Karelian 
metasediments at  Ki ihtelysvaara (Pekkarinen 1979a). This is 
2.34 Ga so tha t  the deposits in question are younger s t i l l  and, 
in turn appear to pre-date development of the basin in which 
the Mulo l i tho fac ie s  was deposited. I t  is general ly accepted 
that by th is  stage of  the Early Proterozoic, coeval with or 
younger than the main development of Superior-Hamersley type 
banded iron formations, the atmosphere and upper ocean levels 
were weakly ox id iz ing but tha t  deeper ocean condit ions remained 
anoxic and reducing (Button and others 1981). I t  also seems 
that  d iss im i la to ry  sulphate reduction by anaerobic bacteria 
and photosynthetic Og production were already establ ished as 
metabolic pathways (Triiper 1981). Both these inferences are 
pert inent to discussions of the o r ig in  of Mulo facies components.

{1) A lka l i  feldspar component - authigenic versus
metamorphic o r i g i n :

In the Mulo l i t h o fa c ie s ,  t remol i te  porphyroblasts overgrow 
primary and/or d i f fe re n t ia t io n  layering defined by var ia t ions 
in sulphide, fe ldspar , c a lc i te  or graphite proport ions 
(Figure 33a). In adjacent l i th o fa c ies  porphyroblast ic mineral 
growth has also taken place pos t - te c ton ica l ly  with respect to 
the major Sg - S3 fab r ic  development. This is mostly b io t i t e ,  
with very rare garnet or c o rd ie r i te ;  overal l  the m e tape l i t ic -  
metapsammitic assemblage is dominated by quartz, b i o t i t e  and
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muscovite, with no evidence of K-feldspar or s i l l im a n i te .
These observations ind icate that  Mulo l i tho fa c ies  microcl ine 
existed before and remained in equi l ibr ium during the maximum 
metamorphic condit ions at ta ined, which was below the K-feldspar 
s i l l im a n i te  isograd fo r  micaceous metapeli tes. I t  is  not so 
stra ight forward to establ ish whether the feldspar is a product 
of Sg- S3 d i f f e re n t ia t i o n  i t s e l f .  This might have been feasib le 
from an i l l i t e  precursor during progressive lowering of  ambient 
pHgO, but i t  then needs to be explained why feldspar has not 
replaced mica elsewhere, fo r  instance in the g raph i t ic  and 
calcareous b io t i t e  metapel i tes of the Kukkupaa l i t h o fa c ie s ,  and 
in the Outokumpu area general ly (Pe l to la ,  1960). Furthermore, 
Mather (1970) in ferred tha t  during b io t i t e  growth, d e t r i t a l  
microcl ine is an unstable reactant, and is consumed with c h lo r i te  
and muscovite, releasing water in the process. On th is  basis, 
the bulk of the Mulo l i tho fa c ie s  feldspar is regarded as 
authigenic.

Origin o f  authigenic fe ldspar:  diagenetic replacement
or chemical p re c ip i ta te ?

Authigenic feldspar is  frequent ly  associated wi th dolomites 
Regular a l te rnat ions have been interpreted as possibly cyc l ic  
in o r ig in  (Braun and Friedman 1969) with deposit ion of carbonate 
occurring at the sediment-air in ter face under supratidal 
hypersal ine condit ions, and feldspar p rec ip i ta t ing  from per- 
a lka l ine  brines derived from more abundant groundwater during 
wet seasons, having a pH of 9.5-10 and high a[K^] /a[H^j ,Baskin 
(1956) reviewed occurrences of authigenic fe ldspar and noted 
invar iab ly  r e l i c t  d e t r i t a l  cores, with authigenic overgrowths. 
K-feldspar overgrowths have been noted in the Mulo l i tho fac ie s  
but are la te  metamorphic in o r ig in  (Figure 17c), whi le i t  seems 
un l ike ly  that o r ig ina l  grains have avoided extensive 
rec rys ta 11 iza t ion .
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In a study of fe ldspath ic  dolomites, Buyce and Friedman 
(1975) suggest e i the r  a diagenetic o r ig in  or overgrowths on 
c la s t ic  components, (whose size is  less than 1 0 0 ^m)possib ly  of 
aeol ian i f  not d e t r i t a l  o r ig in .  They conclude that  the 
diagenetic processes could be a l te ra t io n  of i l l i t e  during 
do lomit izat ion or the a l te ra t io n  of pyroc las t ic  tephra f i r s t  
to zeo l i tes and then to feldspar under condit ions of increasing 
a l k a l i n i t y .  Nevertheless they do admit the p o s s ib i l i t y  of 
d i re c t  p rec ip i ta t ion  of K-feldspar in res t r ic ted  hyperalkal ine 
basins, re fe r r ing  to contemporary examples in western USA.

Russell and others (1984) have assumed a no n -de t r i ta l ,  
non-pyroclast ic source fo r  massive celsian deposits associated 
with exhalat ive bari te-Pb-Zn-Ag minera l izat ion in upper Precambrian 
rocks of the B r i t i s h  Is les .  Mixing of sources from d i f fe re n t  
environments is im p l i c i t :  dense a lka l ine  brines from a cratonic
shel f  being neutra l ized by metal-enriched, ac id ic  solut ions 
exhaled onto a ponded basin f lo o r .  Anomalous celsian and 
bar i te  deposits corre la te  well with barium content and con­
centrat ions in s t ra t ig ra p h ic a l l y  underlying formations and 
isotopic  charac te r is t ics  of the ores are also consistent w i th ,  
derivat ion from these; there is thus no need to invoke a 
c ryp t ic  volcanogenic source, and extensive hydrothermal con­
vection is ra ther a t t r ibu ted  to increased heat f low and f rac ture 
access in a kratonic margin under tension.

Using the above examples as a guide, the fo l lowing model 
may be proposed fo r  feldspar formation w i th in  the Mulo l i t h o ­
facies.

A) Peralkal ine,  maybe also peraluminous groundwaters 
were derived from extreme weathering of a lo w - re l ie f  te r ra in  
composed dominantly of Archaean gran i to id  gneisses and providing 
negl ig ib le  terrigenous de t r i tus  to adjacent basin margins.
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This postulate is consistent with the high chemical index of 
a l te ra t io n  fo r  Lower Proterozoic terrigenous sediments, a feature 
ind ica t ive  of  severe weathering (Eriksson and Soegaard 1983).
Under such condit ions,  K-feldspar would remain in so i l  p ro f i le s  
a f te r  leaching of Na-feldspar but typ ica l  mature and residual 
deposits appear to have been quartz and k a o l in i te ,  the l a t t e r  
usual ly  a l te red to i l l i t e  by potassium f ix a t io n  or s e r ic i te  and 
kyanite during metamorphism (Eriksson and Soegaard 1983,
Metzger 1924). A high abundance of K"̂  in groundwater, and 
u l t im a te ly  in oceans is implied.

Barrels and Howard (1959) have experimented with hydrolysis 
of K-feldspar at atmospheric condit ions with var iable pH, 
governed la rge ly  by a[K^] :a[H+]. At higher values of a[H+], K+ 
is replaced in fe ldspars, and to a lesser extent moscovites, 
and relevant reactions are:

KAlSijOg + HjO >  HAlSisOg + K+ + OH" (1)

ZKAISijOg + SH^O H4Al2Si20g + ASiOg + 2K+ + 20H" (2)

HAlSi jOg + 40H’  -9- A1(0H)4 + 3H3Si04 (3 )

I t  is clear that fo r  A1 to be transported as A1 ( 0 H)4 , the
solu t ion must already be a lka l ine ,  a state favoured by reactions
(1) and (2). Production of k a o l in i te  in reaction (2) is  also 
of in te res t  in tha t  a luminos i l ica te  may thus be transported 
in suspension and subsequently f loccu la te .

B ) Increased concentrat ion and density due to evaporation 
could have led to f low of a lka l ine  brines from the basin shelf  
to a deeper basin environment, in which the Mulo l i th o fa c ies  
was deposited. These flows could have contained any evaporite 

minerals formed on the she l f  but there is no evidence fo r  these, 
unless carbonate derives from such a source. A l te rn a t ive ly ,  
carbonate and authigenic fe ldspar prec ip i ta ted by brine re f lux ing  
on a shelf  according to the suggestion of Braun and Friedman (1969)
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and were subsequently transported by t u r b i d i t y  currents in to  a 
deeper basin environment.

C) In the case of transport  in so lu t ion ,  a mechanism must 
be found to f a c i l i t a t e  p rec ip i ta t ion  of feldspar or i t s  
precursor, which should be favoured by a general lowering of 
pH while a c t i v i t y  of remained high. In the example of 
Russell and others (1984) acid solut ions are thought to have 
derived from hydrothermal c i r c u la t io n ,  p a r t l y  by f i x a t io n  of 
Mg and OH" in c h lo r i te .  The absence of obvious signs of 
unusual metal enrichment in the Mulo l i tho fa c ie s  make i t  more 
d i f f i c u l t  to invoke such a second exotic brine source in the 
present case. Instead, the high graphite and sulphide content 
point  to the p o s s ib i l i t y  of microbial biota having been active 
in an anoxic basin f l o o r  environment. Several mechanisms could 
feas ib ly  pa r t ic ipa te  in decreasing ambient pH:

(i.) There could, have been microbial ox idation of sulphur 
compounds by non-photosynthetic anaerobes, using HgS as an 
electron donor.

( i i )  D iss im i la tory  sulphate reduction may have been 
operative, using organic carbon and HgO as electron donors.
Such a mechanism would also generate COg and in the presence 
of Ca’̂ o r  Mg'^could lead to dolomite or ca lc i te  p rec ip i ta t io n ,  
again y ie ld ing  H"̂ . High a c t i v i t y  of H’*’ might also explain 
formation of kao l in , feldspar or a hydrated precursor to 
feldspar,  rather than f loccu la t ion  of i l l i t e  or Mg-montmori lIonite 
Production of kao l in i te  in reaction (2) is also of in te res t  in 
that  a luminosi l icate may thus be transported in suspension 
and subsequently f loccu la te .

To summarize, feldspar is regarded as authigenic, due to 
severe weathering of a f e l s i c  te r ra in  y ie ld ing  l i t t l e  i f  any 
c la s t ic  d e t r i tu s .  P rec ip i ta t ion  of feldspar or a precursor or
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kaol in f loccu la t ion  took place on neu t ra l iza t ion  of a lka l ine  
br ines, e i the r  on a shallow marine platform or more probably 
in a re s t r ic te d  basin in which reducing, r e la t i v e l y  ac id ic  
condit ions existed,  to some extent maintained by microbial 
a c t i v i t y .  An external brine system is not deemed necessary 
but on the other hand such a c t i v i t y  cannot be disproven.

t

(2) Calcareous component of Mulo l i th o fa c ies

Carbonate deposition was widespread in the Proterozoic 
and should require less explanation in th is  context; Though 
i t  could be described as m ic r i t i c ,  the abundance of graphite 
and sulphide inc lusions make recogni t ion of grain boundaries 
d i f f i c u l t ;  i t  is however doubtful whether th is  records o r ig ina l  
grain size and only rare ind ications of carbonate laminae occur 
where content of other minerals is low. Depositional environment 
has therefore not been establ ished. There are however some 
aspects to carbonate sedimentation that  deserve mention.

a) Dolomite is  inva r iab ly  more abundant in Precambrian 
than Phanerozoic carbonates and th is  is considered to corre late 
with secular trends in hydrospheric evo lut ion, dissolved Mg 
being higher in the Precambrian (Veizer 1976). This alone does 
not prove that  dolomite p rec ip i ta ted from seawater d i r e c t l y ,  
or whether i t  was diagenetic as in most (but not a i l )  
environments today. Due to the concomitant high a c t i v i t y  of 
dissolved s i l i c a ,  Mg-sepio l i te or ch lo r i te  precursors would 
have read i ly  f loccu la ted ,  at the expense of dolomite (Eriksson 
and Truswel1 1978).

Microprobe analyses of the Mulo l i tho fac ie s  show carbonate 
to be exc lus ive ly  c a lc i te ;  magnesium is however abundant in 
t re m o l i t i c  porphyroblasts. Since Mg-bearing p h y l lo s i1icates 
are only present as f ine-grained accessories, i t  seems l i k e l y  
that Mg was o r ig in a l l y  present as carbonate; the low d e t r i t a l
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input may have precluded f loccu la t ion  of c lay minerals.

b) For p re c ip i ta t io n  on the basin f l o o r ,  or redeposit ion 
from p rec ip i ta t ion  elsewhere to have been preserved, s l i g h t l y  
ac id ic  conditions would need to be maintained, in the presence 
of high Ca (and Mg) a c t i v i t y .  This was also suggested above 
as a requirement fo r  fe ldspar  p re c ip i ta t ion .  Carbonate 
p rec ip i ta t ion  could also have been related to COg production 
during d iss im i la to ry  reduction of sulphate.

(3) Carbonaceous component of the Mulo l i th o fa c ies

Given the moderate degree of metamorphism, i t  is possible 
that  carbon isotope ra t ios  may s t i l l  discriminate between a 
volcanic and organic o r ig in  fo r  the graphite. I t  may be more 
d i f f i c u l t  to id e n t i f y  a component due to abiogenic reduction 
of carbonate. Sympathetic trends in sulphide and organic 
carbon content have been noted by Trudinger and Will iams (1981) 
who also re i te ra te  general observations of abundant biota 
associated with present day volcanic exhalat ive centres. A 
biogenic o r ig in  seems plausib le fo r  the graphite of the Mulo 
l i t h o fa c ie s ,  i f  i t s  deduced age and observations in fe rred 
from Precambrian micro foss i ls  are va l id .  According to a review 
by Awramik (1981) a diverse bacter ia l  assemblage existed in 
the Warrawoona Group of Austra l ia  at 3.5 Ga and d iss im i la to ry  
sulphate reduction by 2.2 Ga is implied by the morphological 
s im i l a r i t y  of m icro foss i ls  in the Gunfl in t cherts (Canada) 
to present day cyanobacteria. I t  is not prec ise ly  known 
when oxygen-releasing photosynthesis developed even i f  i t  was 
responsible fo r  s ig n i f ic a n t  Og production; accumulation of Og 
was presumably buffered by abiogenic oxidation of  S~ to S0 4 ~. 
Biogenic sulphate reduction can occur anaerobical ly 
(d iss im i la to ry )  generating COg in the absence of Og, or 
aerob ica l ly  (a ss im i la to ry ) , which y ie lds fu r the r  Og and S” 
(Truper 1981).
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Table 6  shows in a s im p l i f ied  manner the potentia l  in te rac t ion  
between sulphur, oxygen and bacteria that  were l i k e l y  to have 
been extant during the ear ly  Proterozoic. Of the various 
kinds of metabolism, d iss im i la to ry  sulphate reduction was 
probably then, as now, the most important form of  anaerobic 
resp i ra t ion ,  and was probably most p r o l i f i c  in the uppermost 
layers of sediment, or at the sediment-water in ter face where 
nu tr ien t  supply is presumably greatest (Trudinger and Will iams 
1981). A source of organic carbon is  also required and two 
may be envisaged - from decay of l i th o t ro p h ic  anaerobes 
{forming a closed system sulphuretum) or a pelagic con tr ibu t ion  
from decay of  pelagic biomass.

The foregoing indicates the potentia l  ro le  of organic 
matter during deposition of  the Mulo l i t h o fa c ie s ,  p r in c ip a l l y  
in oxidizing hydrocarbons to COg, reducing sulphate, y ie ld ing  
S" fo r  metal f i x a t io n  and tending towards decreased pH in an 
overal l  reducing environment. I f  a redox s t r a t i f i c a t i o n  existed 
in the basin, with an upper oxidized layer (not necessari ly 
corresponding to the photic zone), 0 % generation may have been 
of considerable importance in that  abiogenic oxidat ion of 
sulphide to sulphate may have exerted a major buffer ing inf luence 
on the supply of  sulphate ava i lab le fo r  bacteria l d iss im i la t io n ,  
or S“ avai lable fo r  cat ion f i x a t io n .  This leads na tu ra l ly  to 
considerat ion of sulphide formation of  the Mulo l i th o fa c ie s .

( 4 ) Sulphide component o f  the Mulo l i tho fac ies

This is obviously s t r a t i f i e d ,  except where present as 
euhedral crys ta ls  in la te  mobil ized ca lc i te  veins, and syngenetic, 
deposit ional or diagenetic o r ig in  is ind icated. F i r s t l y ,  
sources fo r  sulphur and cations (dominantly Fe) w i l l  be 
examined, and then potentia l  mechanisms fo r  th e i r  f i x a t io n .
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There is as yet no d i rec t  evidence fo r  any sulphate 
deposits that could have formed as evaporites on a t id a l  she l f  
and been redeposited by density  g rav i ty  f lows, or fo r  p r e c ip i t ­
at ion at the s i te  of deposit ion. I t  seems most log ica l  to 
postulate der ivat ion of  sulphur species d i r e c t l y  from ambient 
seawater, and the information in Table 6  , indicates that 
sulphur and dissolved HgS a v a i l a b i l i t y  could have been contro l led, 
or at least buffered by bacter ia l  a c t i v i t y .  D iss im i la tory  
reduction of seawater is at present the most d iscern ib le 
bacteria l process (Trudinger and Will iams 1981); ass imi la tory  
sulphate reduction requires oxygenated condit ions and seems less 
appl icable in the present instance.

Sulphides of the Mulo l i th o fa c ie s  are dominated by p y r i t e ,  
though py r rh o t i te ,  chalcopyr i te and sphaler i te are also present.
I t  is  not c lear whether py r rho t i te  represents a metamorphic 
replacement of p y r i t e ,  though textura l  evidence from the 
Tikkala l i th o fa c ie s  metaturb id ites suggest increasing sulphide 
i n s t a b i l i t y  as metamorphism progressed, ind ica t ing  a general 
increase in oxygen fugac i ty ,  which could preclude pyr rho t i te  
replacement of p y r i te .  Such an inference may be vindicated 
by the observation of py r i te  w i th in  la te  quartz veins in the 
Tikkala l i t h o fa c ie s ,  and in c a lc i te  veins in the Mulo l i th o fa c ies  
(Figure 33c).

Goulevitch (1980) and Nicholson (1980) have both examined 
sulphide deposit ion in the Middle Proterozoic Koolpin and 
Kapalga formations of northern Austra l ia  and have related 
pyrrhot i te-bear ing base-metal deposits to both hydrothermal 
deposit ion derived from diagenetic d e v i t r i f i c a t i o n  of tuffaceous 
s tra ta  and hot, metal- and boron-enriched br ines, whi le py r i te  
occurs in interbedded p e l i tes lacking in other minera l izat ion 

and apparently representing normal periods of basin deposit ion.
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From thermodynamic and experimental considerat ions, the 
py r rho t i te  deposits would have required r e la t i v e l y  higher 
temperature, and lower a c t i v i t y  of oxygen and dissolved sulphur 
species; these condit ions also favour transport  of Pb, Zn, and 
Cu. These deductions may be used to postulate that Mulo l i t h o ­
facies sulphide deposition took place without metal enrichment 
from an external or diagenetic hydrothermal 1 y c i rcu la t ing  
brine source.

More sphaler i te  and chalcopyri te may merely re f l e c t  
r e la t i v e l y  low Cu and Zn concentrations in ambient seawater 
in general, or more local inf luences from contemporaneous 
volcanism and weathering in the basin drainage system.
According to Button and others (1981) the ear ly  Proterozoic 
oceans would have displayed a marked redox s t r a t i f i c a t i o n ,  with 
an upper oxidized layer r ich in dissolved Fe, p a r t i c u la r l y  as 
Fe(0 H)2 . This would be prec ip i ta ted as Fe-oxides or carbonate 
on shallow marine shelves but as sulphides in ac id ic  basin- 
f l o o r  environments.

(5) Summary of deposit ional in te rp re ta t ion  of Mulo l i tho fac ies

The d is t in c t i v e  mineralogy of the Mulo l i tho fa c ie s  is 
interpreted in terms of chemical deposition in an anoxic, 
s l i g h t l y  ac id ic  bas in - f loo r  environment. Carbonate may have 
prec ip i ta ted d i r e c t l y  from seawater as dolomite while sulphide 
formed syndeposit ional ly  or d iagenet ica l ly  from components 
present in the ambient seawater. There is a l ike l ihood  of 
bacteria l sulphate reduction having played a roled in sulphide 
generation, but th is  was probably ind i rec t  ra ther than c r i t i c a l  
or l im i t in g .

Feldspar probably developed syndeposit ional ly  or d ia ­
genetical l y  from a hydrated precursor, transported in K-r ich, 
peraluminous brines introduced from a shel f  environment whose



- 147 -

h interland was subject to severe weathering and res t r ic ted  
supply of detritus. Apart from th i s ,  no external source of 
components appears to be necessary, though ne ither diagenetic 
leaching nor volcanogenic exhalat ion can be discounted as 
having been act ive in i n i t i a t i n g  or sustaining hydrothermal 
c i rcu la t io n .

4 . 5 . 1 V  Kukkupaa l i th o fa c ie s  in te rp re ta t ion

Since they are in t im a te ly  interbedded wi th one another, 
the three d i f f e re n t  l i t h o lo g ic a l  types defined and described 
e a r l ie r  would appear to belong to the same deposit ional 
environment, whatever d if fe rence there may have been in th e i r  
respective depositional mechanisms and sources. Nowhere was 
any ind ica t ion  of coarser than p e l i t i c  de t r i tus  found, except 
in the apparently conformable t ra n s i t io n  with overlying 
Tikkala l i th o fa c ie s  metagraywackes. From the features, d is ta l  
or starved basin deposition is in fe rred.

(1) Micaceous metapel i tes in the Kukkupaa l i th o fa c ies

Sedimentary st ructures have not been noted in these 
l i th o lo g ies  due to extensive re c ry s ta l l i z a t io n  or t ransposi t ion 
in to  S3 and S5  f o l i a t i o n s .  A d e t r i t a l  o r ig in  is however 
in fe rred from microscopical ly  observed s i l t - s i z e d  quartz 
grains, preserved in sp i te  of mica grain growth and re o r ien t ­
a t ion. I f  such an o r ig in  is  accepted, then a combination of 
hemipelagic, and mud or s i l t  t u r b i d i t i c  processes is ind icated. 
Fine-grained tu rb id i te s  have been reviewed by Piper (1978) who 
found them d i f f i c u l t  to assign to spec i f ic  sett ings w i th in  the 
turbidi te-submarine fan model. Nelson and others (1978) suggest 
however that grain size and rate o f  sediment supply inf luence 
fan morphology such that  when f ine-grained,a fan does not
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develop; rather,sediment is del ivered to the basin p la in 
via long leveed val leys. According to Piper's review, at 
least ha l f  of the sediment in basin plains beyond the cont­
inental or basin slope is  del ivered by t u r b id i t y  currents ; th is  
appl ies in pa r t i c u la r  to th icker  p e l i t i c  un i ts ,  with th inner 
and laminated s i l t s  or muds being more cha rac te r is t ic  of 
proximal environments and other mechanisms of deposit ion.
Because tectonic o b l i t e ra t io n  of f ine  laminations may have 
occurred in the Kukkupaa l i t h o fa c ie s ,  i t  is not easy to make 
use of these conclusions and d i f f i c u l t  to d is t ingu ish between 
laminated and massive deposits. Nevertheless, a primary 
o r ig in  is apparent fo r  the th icke r  units shown in Figure 33f 
and deposition from ind iv idual  t u r b i d i t i c  flows is probable.

(2) Massive s i l iceous metapel i tes in the Kukkupaa 
1 i tho fac ies

There are two reasonable explanations fo r  the o r ig in  
of these more competent layers, especia l ly  conspicuous on 
weathered surfaces (Figure 34f), namely, chemical p rec ip i ta t ion  
of impure cherty deposits; or resu l t ing  from pyroc las t ic  
deposit ion. In the former case, var ia t ions in abundance of 
d e t r i t a l  c lay deposition or f lo c cu la t ion ,  and in pH of ambient 
seawater, would permit development of cherty layers, since i t  
is widely held tha t  the Proterozoic ocean was almost 
saturated with respect to s i l i c a  (Veizer 1976). Since the Mg 
content was also apparently greater, with a high Mg/Ca ra t io ,  
s l i g h t l y  a lka l ine  waters would lead to f loccu la t ion  of the 
clay sep io l i te  as well (Eriksson and Truswell 1978). Thus 
chemical deposits need not always be pure s i l iceous p rec ip i ta tes ,  
an observation consistent with the composition of the present 
examples in the Kukkupaa l i th o fa c ie s .  The presence of post- 
depositional concretions also af fords strong evidence fo r  syn- 
sedirnentary chemical p re c ip i ta t ion  (Figure34b). Deposition
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from sporadic pyroc last ic  f a l l s  or flows may also have been a 
mechanism of formation o f  these l i th o lo g ie s .  In the studies 
referred to e a r l i e r ,  Goulevitch (1980) and Nicholson (1980) 
described a sedimentary t ra n s i t io n  from sulphide-bearing p e l i tes 
to t u r b id i te graywackes analogous to the Kukkupaa-Tikkala 
l i tho fac ies  t ra n s i t io n  considered here. The lower part of the 
sequence also contains abundant tuffaceous pe l i te s ,  and tuffaceous 
cherts, sometimes a lb i t e - r i c h .  These have a h ighly  var iable 
chemical composition resu l t ing  from considerable syndepositional 
to diagenetic in te rac t ion  with seawater and contamination or 
d i lu t io n  by syndepositional s i l i c a  p rec ip i ta t ion  and clay 
f loccu la t ion .  A s im i la r ,  complex o r ig in  seems h igh ly  p lausib le 
fo r  th is  component of the Kukkupaa l i t h o fa c ie s ,  but cannot be 
demonstrated in the absence of r e l i c t  pyroc las t ic  features 
such as grading and d e v i t r i f i e d  glass or crystal shards.

3. Calcareous l i th o lo g ie s  in the Kukkupaa l i th o fa c ie s

These const i tu te  a widespread, though minor component of 
the l i th o fa c ie s .  In th is  regard the laminated l i th o lo g ie s  shown 
in Figure 34 a, c are of p a r t i c u la r  s ign if icance. These laminations 
are general ly less than 1  cm th ic k ,  consist ing of gradational 
alternattjon of s i l t - s i z e d  quartz with abundant c a lc i te  and b io t i t e  
in the lower par t ,  and th inner graphite-mica-r ich laminae. A 
sedimentary rather than metamorphic o r ig in  is favoured, based 
on the presence of low-angle cross-lamination. Accepting th i s ,  
there are a number of conceivable mechanisms of deposit ion or 
formation.

a) Each couplet represents a d i s t i n c t  depositional event, 
ind ica t ing  a discre te source fo r  carbonate and reduced carbon 
with lamination due to subsequent d i f f e re n t ia l  s e t t l i n g  or 
current winnowing. Two pr inc ipa l  modes of deposit ion can fu r the r  
be envisaged, namely t rac t iona l  currents in a shallow marine 

environment, reworking authigenic carbonate and authigenic or
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d e t r i t a l  s i l i c a  and c lay, and secondly th in ,  r e la t i v e l y  low 
energy t u r b id i t y  currents transport ing terrigenous and/or 
authigenic she l f  de t r i tus  in to  a deeper basin environment. The 
l a t t e r  seems more tenable in view of the nature of associated 
sediments and in tha t  i t  provides a mechanism fo r  both 
g rav i ta t iona l  s e t t l i n g  and preservation of reduced carbon 
which would seem less probable in a shallower oxidized environ­
ment conducive to carbonate p rec ip i ta t ion .  Depositional 
mechanisms of  th in  f ine-grained tu rb id i te s  are not so well 
understood as fo r  coarser and th icker  deposits, and are also 
more d i f f i c u l t  to d is t ingu ish  from a l te rna t ive  processes such 
as the winnowing e f fe c t  of contour currents. Nevertheless 
Piper's (1978) d e f in i t ion s  and descript ions of graded and 
laminated tu r b id i te  s i l t s  and muds show a close resemblance 
to the laminites being discussed here, in thickness being less 
than 5 cm and the presence of i r re gu la r  low-angle le n t ic u la r  
bedding. Grav i ta t iona l ,  graded se t t l in g  in s i l t  and mud 
tu rb id i te s  is considered to be due to var ia t ions in extent of 
clay f loccu la t ion  or degradation of f loes leading to changes in 
flow density and hence load-carry ing capacity. These deposits 
appear to be r e la t i v e l y  d is ta l  or else belong to levee environ­
ments in more proximal locations (Nelson and others 1978).

b) A va r ia t ion  on the above mechanism is  that  only the 
lower quartz-carbonate part represents t u r b id i t y  current 
deposit ion whereas the upper layer resul ts  from intervening 
hemipelagic deposit ion, comprised of clays and the decayed 
remains of  pelagic algae or bacteria . Such deposition might have 
been continuous, or periodic depending on nu t r ien t  supply or 
c l imat ic  seasonali ty such as controls algal "blooms". However 
such speculation should be restrained u n t i l  an organic o r ig in  
fo r  the carbon can be demonstrated, e i the r  by a chemical 
analysis of any remaining kerogen, or by stable isotope analysis.
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c) A d e t r i t a l ,  resedimentary o r ig in  is  accepted, but 
carbonate reduction took place in the upper parts of layers 
because of redeposit ion in a reducing environment, or b io logica l  
a c t i v i t y  at the sediment -water in ter face.  The l a t t e r  seems 
untenable in that  the major metabol ic pathway, namely dissim­
i l a t o r y  sulphate reduction also tends to oxid ise hydrocarbons 
to COg. Inorganic reduction seems less easy to re fu te ,  but i f  
th is  was the case i t  seems improbable that  laminations could be so 
well preserved,without evidence of "reduction f ron ts "  transgress­
ing them. I t  is  therefore concluded that  some combination of 
mechanisms a) and b) is more log ica l  and appropriate.
In te rp re ta t ion  of deposits as th in  1 ami ni t e - tu rb id i t e s  is 
favoured rather than as t rac t iona l  she l f  sediments c h ie f ly  
because of t h e i r  context w i th in  sulphide-bearing and massive 
metapel i tes.

Thus two d i f f e r in g  o r ig ins  and sources fo r  carbon may be
envisaged, with possible isotop ic  f rac t iona t ion ,  the carbonate
re f le c t in g  ambient seawater values and organic carbon being

12r e la t i v e l y  enriched in C. ( I t  is  doubtful however whether 
d i f fe re n t  metabolisms or types of environment such as s t ro m a to l i t i c ,  
pelagic open sea or deep-sea benthonic could be accurately 
d iscr iminated) . Carbon isotope analysis would be of considerable 
in te res t  in evaluating whether homogenization occurred between 
these two components during the regional metamorphism as is 
widely held to have taken place (Schidlowski 1981).

4 . 5.V Tikkala l i th o fa c ie s  in te rp re ta t ion

The three areas described e a r l ie r  (Section 3.4) Tikka la, 
Hammaslahti and Kumpu have each yielded valuable information about 
depositional environments and processes.
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(1) In te rp re ta t ion  of deposits at Tikkala

I t  has already been noted that  the sequence depicted in 
Figure 35 is  an excel lent example of a f i n in g -  and th inn ing- 
upward sequence which could be expected to form as a submarine 
channel terminates at a suprafan depositional lobe w i th in  a 
submarine fan system; the ve r t ica l  f in in g  is ascribed to la te ra l  
migration of the feeder channel. The upper part of the sequence 
in Figure 38c shows s im i la r  features although there is a 
p o s s ib i l i t y  that  i t  records more channelized deposits with 
erosion of underlying s t ra ta .  To re i te ra te ,  these exposures form 
two successive, typ ica l  f i n in g -  and thinning-upward sequences 
representat ive of an inner fan d is t r ib u ta ry  system in the 
sense of Mutti  and Ricci Lucchi (1975), or the synonymous middle 
fan of Bouma and Nil sen (1978). As at Tikkala, such deposits 
are f requent ly  enveloped by f ine-grained laminites representing 
hemipelagic deposition or overbank interchannel deposits. In 
th is  case, the regular,  f ine  banding suggests the l a t t e r ,  rather  
than the former mode of deposition (see Figure 40b).

An in te res t ing  feature of  these metagraywackes is the 
un i fo rm ity  of  maximum grain size ( about 8  mm) suggesting an 
upper l i m i t  due to ear ly  sedimentary processes in a f l u v i a l ,  
d e l ta ic ,  or shallow marine environment or physical constra ints 
on the slope and density of the t u r b id i t y  current. Where 
coarser de t r i tus  is present i t  is  markedly so suggesting a 
natural paucity of de t r i tus  in the size range 1-3 cm. This could 
be a t t r ibu ted  to inherent mechanical propert ies of the parent 
material ( fo r  example a g ran i to id  with grain size less than 
1 cm) or could r e f le c t . th e  t ra n s i t io n  between t u r b i d i t y  current 
deposit ion and higher density debris f lows.

Deposits ascribed to the l a t t e r  are abundant in the upper 
part of the section in Figure 35 with the weak, discontinuous 
s t r a t i f i c a t i o n  and coarse c las ts ,  yet absence of slumping being
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quite diagnostic. Their presence indicates e i the r  increasing 
proximity of a major channel due to la te ra l  migrat ion or 
inc is ion ,  or a te c to n ic a l l y  induced change in depositional 
environment. This would ev ident ly  have been a s u f f i c i e n t l y  
major event to permit erosional access to a va r ie ty  of l i t h o ­
log ies, with transport  of c las ts  exceeding 1  m in diameter.
To have remained coherent yet somewhat rounded, these c lasts 
would need to have been p a r t l y  l i t h t f i e d  p r io r  to reworking but 
i t  is not cer ta in whether they represent penecontemporaneous 
basin-margin deposits or derive from more ancient, extrabasinal 
sequences exposed by tectonic  u p l i f t .  In th is  respect the 
dolomit ic  c lasts  are o f  in te res t  as they could be the only 
surviv ing evidence fo r  penecontemporaneous carbonate deposition 
at the basin margin. Other c lasts  now weathered to l imonite 
may once have been s i d e r i t i c ,  a common component of Proterozoic 
she l f  and platform sequences (Button and others 1981).

The presence of these carbonate c lasts leads to speculation 
concerning water depth and composition. Clear ly  t u r b id i t y  
currents and debris flows could be i n i t i a t e d  in shal low, 
oxygenated water, carrying carbonate c lasts  in to  a deeper 
euxinic environment. Given rapid burial and sedimentation, 
calcareous de t r i tus  can be preserved below the carbonate 
compensation level in Phanerozoic basins (Hesse 1975), and there 
are indeed two calcareous metaturbid ites enclosed w i th in  
laminated sulphide-bearing metapeli tes at Tikkala (Figure38c). 
Observations from the Mulo and Kukkupaa l i t h o fa c ie s ,  and the 
lack of evidence fo r  d e t r i t a l  p y r i te  seems to indicate that 
oxygenated water existed in upper leve ls ,  whi le i t  was apparently 
not incongruous to have stable coexistence of sulphides, graphite 
and carbonate.
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( 2 ) In te rp re ta t ion  of Tikkala l i tho fac ie s  at Hammaslahti

With the exception of one polymict ic horizon containing 
cobbles of grani to ids and orthoquartztte  (Figure 37f), coarse 
de t r i tus  seems to be in trabasinal and l i t h o lo g i c a l l y  s im i la r  
to host sediments, suggesting more d is ta l  deposit ion or a l t e r ­
na t ive ly  a la te r  stage of deposit ional h is to ry  when reworking of 
e a r l ie r  deposits dominated. Nevertheless, thick-bedded tu rb id i te s  
c lose ly  resemble those at Tikkala in l i th o lo g y ,  s tructure and 
grain size and a s im i la r  mode of deposit ion is in fe rred.  Some 
in te res t ing  post-deposit ional structures are i l l u s t r a te d  in 
Figure 37b. These appear to be small c la s t i c  dykes probably 
intruded due to overburden loading rather than f l u id iz a t io n  
though th is  too may have occurred in the overly ing graywacke.

The a c t in o l i t e  bands remain problematical,  though a d ia ­
genetic o r ig in  is ruled out as they f a i l  to cross l i th o lo g ic a l  
boundaries. A chemical ly a l te red mafic t u f f ,  or even in t rus ive  
s i l l  seems more l i k e l y  as a p r o to l i t h  than sediments of d e t r i t a l  
or chemical o r ig in .

(3) M inera l izat ion in the Tikkala l i th o fac ie s  at Hammaslahti

The Tikkala l i th o fa c ie s  is here host to several massive, 
brecciated Cu-Zn ore bodies whose genesis has not been examined 
in th is  p ro jec t .  Nevertheless, some apposite observations can 
be presented here.

In a chemical and isotop ic  study of the ore deposits,
Hyvarinen and others (1977) concluded that  l i g h te r  values
and a constr ic ted range of isotope ra t ios  in the ore wi th respect 
to country rock, as well as a negative cor re la t ion  between S and 
S content, ind icate remobil izat ion of synsedimentary sulphides. 
Substantial  remobil izat ion is ascribed to tectonism and both the 
local s t ructura l  analysis of  Gaâl (1977) and more regional aspects 
of th is  study confirm tha t  the ore deposits have been completely 
deformed by two isoc l ina l  fo ld  generations, ( Fg and F^) succeeded
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by reor ien ta t ion  in to  steep, N-S trending shear zones (S5 ). The 
i r re gu la r  f rac tu r ing  of fragments in much of the brecciated 
pyr rho t i te -cha lcopy r i te ore also suggests that graywacke clasts 
were l i t h i f i e d  p r io r  to d is rupt ion (Figure 33d, 43g). I t  is not so 
c lear whether th is  tectonic  mobi l izat ion was i t s e l f  responsible 
fo r  the pr inc ipa l  concentrat ion of sulphide minerals; the 
northern spha le r i te - r ich  body in p a r t icu la r  f requent ly  shows 
a disseminated s t ra t i fo rm  banding in a l tered metagraywackes, and 
also appears to be deformed by the e a r l ie s t  tectonic structures 
observed (Figure 33f  ) . I f  th is  indicates a syngenetic to d ia ­
genetic o r ig in  fo r  ore formation, then porous Tikkala l i th o fac ie s  
graywackes may have been advantageous in allowing f l u i d  c i r c u la t io n  
and concentration but would seem less l ike ly  as a source fo r  metal 
cat ion leaching. The Pb-Pb isotope systematics modelled by 
Vaasjoki (1981) do suggest a mixing of ambient Pb with that from 
an older source, fo r  which graywackes derived from the Archaean 
gran i to id  basement would be appropriate. Nevertheless, l i t h o -  
geochemical studies have del ineated a well -defined aureole 
immediately enclosing the deposi t ,  p a r t i c u la r l y  wi th respect to 
Mg enrichment and K deplet ion (T. Karppanen spoken comm.).
This would seem to be of too small a volume to corre la te  with 
merely a closed system, local source of enrichment s u f f i c ie n t  
to account fo r  the ore bodies present.

In the event of formation through a larger scale hydro- 
thermal system i t  is  necessary to consider potentia l  source rocks, 
mechanisms of i n i t i a t i n g  and sustaining hydrothermal brine 
c i rcu la t io n  and environments or conditions of  deposit ion. The 
extent of deformation precludes recognit ion of evidence fo r  
deposit ion from dense brines ponded in re s t r ic ted  depressions, 
or fo r  instance id e n t i f i c a t io n  of depositional breccias with a 
sulphide matr ix . The s t r a t i f i e d  banding referred to e a r l ie r  is 
therefore te n ta t iv e ly  assigned a post-deposit ional o r ig in  w i th in  
consol idated, but porous c la s t ic  sediments.
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Contemporaneous igneous rocks f requent ly  accompany 
sulphide ore deposits and heat from a magmatic source is widely 
considered to be crucia l in establ ishing and maintaining hydro- 
thermal brine c i rcu la t ion ,caus ing leaching of  adjacent s t ra ta ,  
including consanguineous in t rus ive  or volcanic horizons. These 
processes are considered relevant fo r  example in the Pyhasalmi- 
Pielavesi and Outokumpu massive sulphide deposits NW of the 
study area (e.g. Makela 1974, Huhtala 1979, Koistinen 1981).
At Hammaslahti however there are no convincing volcanogenic 
l i th o lo g ie s  id e n t i f ie d  with c e r ta in ty ,  unless the a c t in o l i  t i c  
schists prove to be a l te red ,  subsequently metamorphosed mafic 
s i l l s  or t u f f s .  Though they do not appear to be vo lumetr ica l ly  
subs tan t ia l ,  they may be s ig n i f ic a n t  as general ind icators of 
contemporaneous igneous a c t i v i t y  elsewhere in the deposit ional 
basin. In p a r t i c u la r ,  co r re la t ion  with the Tohmajarvi meta- 
basite complex is  appealing, though other s t ra t ig raph ica l  and 
petrographical inferences suggest that the Tikkala l i th o fac ie s  
is in general younger.

Neither is there as yet compelling evidence fo r  a 
(preserved) proximal feeder zone to the ore deposit such as the 
stockwork proposed at Outokumpu (Koist inen 1981) or s t r inge r  
ore at Pyhasalmi (Helovuori 1979). Given these uncer ta in t ies ,  
an a l te rna t ive  mechanism to d i re c t  magmatic involvement may 
be sought.

In the study re ferred to e a r l i e r ,  Goulevitch (1980) 
presents an a t t ra c t iv e  theory of ore development in a sediment­
ary sequence s t r a t ig ra p h ic a l l y  and l i t h o lo g i c a l l y  resembling 
those of the Hammaslahti assemblage. Essential s im i la r i t i e s  
include

1 ) an ear ly  period of deposit ion characterized by 
disseminated py r rho t i te  and py r i te  (the former re f le c t in g
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r e la t i v e l y  higher temperature and lower a c t i v i t y  of dissolved 
sulphur species), with in te rca la ted cherty, calcareous and 
carbonaceous horizons; th is  is  analogous to the Kukkupaa 
l i th o fac ie s  of the present study,

2 ) temporal ly and s p a t ia l l y  associated volcanogenic 
l i t h o lo g ie s ,  mostly tuffaceous tha t  can be likened to the 
Rauansalo l i th o fac ie s  in pa r t ,  and

3) an overly ing sequence comprising graywacke-mudstone 
tu r b id i te  deposits re ca l l ing  those of the Tikkala l i th o fa c ie s .

Though sulphides are abundant as disseminations in the 
lower sequence, Goulevitch maintains that  the absence of major 
accumulations indicates a causal connection between d is t r ib u t io n  
of ore bodies and the younger tuffaceous deposits but not in 
the usual sense of volcanic exhalat ion. Rather he suggests that  
buria l  of the tuffaceous sediments beneath the younger t u r b i d i t i c  
deposits led to brine generation as a consequence of  diagenetic 
a l te ra t io n .  In p a r t i c u la r ,  d e v i t r i f i c a t i o n  of volcanic glass - 
an exothermic process - is bel ieved to y ie ld  a solut ion that is 
m i ld ly  ac id ic  (due to incorporat ion of OH" in to  diagenetic clay 
minerals),  with low dissolved sulphur content and high s a l i n i t y  
increasing i t s  e f f ic ie n c y  as a metal-carry ing brine. This is 
subsequently expel led during compaction and dewatering, 
invading the overlying sediment, or gaining access to the basin 
f lo o r  where the br ine, being denser than ambient seawater, could 
be expected to concentrate in topographic depressions. Basin 
f lo o r  i r ré g u la r i té s  could be of tectonic o r ig in  but depositional 
un its  such as the coarser metagraywackes of the Tikkala l i t h -  
facies might well themselves produce a lo w - re l ie f  topography, 
thus ponding br ines, or else due to th e i r  r e la t i v e l y  greater 
poros i ty ,  may be potent ia l  s i tes  of ore p rec ip i ta t ion  w i th in  
sediment. Such a scenario appears consistent with at  least 
some pre- tecton ic  aspects of the Hammaslahti ore bodies.
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(4) In te rp re ta t ion  of deposits in the Kumpu area

A debris f low o r ig in  seems again to be the most log ica l  
in te rp re ta t ion  fo r  the deposits in Figure 38a and b, showing 
contorted (also te c to n ic a l l y  deformed) i r re gu la r  intrabasinal 
c lasts in a poorly sorted sandy matr ix.  In p a r t icu la r  the 
example in b'may imply internal  cohesiveness s u f f i c ie n t  to
develop slumping, which has not been noted anywhere else in the
l i th o fa c ie s ;  the debris flows at Tikkala are moderately well 
s t r a t i f i e d .  The l i th o lo g y  approaches Mutti  and Ricci Lucchi 's 
(1975) Facies As and F which belong to inner fan channel f i l l  
or channel f lanks and foot of basin slope respective ly . The 
l a t t e r  a l te rna t ive  seems more l i k e l y  on the basis of t h e i r  
context, adjacent l i th o lo g ie s  tending to be sulphide-bearing 
and thin-bedded. The massive meta-tu rb id i tes that  are present 
contain notably less feldspar than at Hammaslahti or Tikkala 
implying a d i f fe re n t  source or d is ta l  f ra c t iona t ion  e f fe c t ,  
but are r e la t i v e l y  carbonate-r ich.

The Tikkala l i th o fa c ie s  is found in a zone of complex 
deformation. At Kumpu, fo r  example, deposit ional younging and 
S2 /S 3 re la t ions  indicate that the sequence youngs eastwards on 
the inverted limb of an F2 f o ld ,  t i g h t l y  folded again by F3 

and reoriented in to  a steep N-S a t t i tude  by S5  shear zones. In
spi te of t h i s ,  i t  is possible to in fe r  that  nowhere is  the 
Tikkala l i th o fa c ies  adjacent to a deposit ional basement, although 
g ran i t i c  and o r thoqua r tz i t i c  de t r i tus  are present. Rather the 
evidence is that  these coarser c la s t ic  sediments were deposited 
away from the basin margin on top of an e a r l ie r  sequence of  
p o l i t i c  sediments, p a r t l y  d e t r i t a l ,  p a r t l y  chemical and possibly 
in part vo lca n ic las t ic ,  comprising the Kukkupaa l i th o fa c ie s .
This of fers  no constra in t  on water depth, apart from the basin 
slope necessary to i n i t i a t e  and sustain the sediment-gravity
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flows responsible fo r  th is  r e la t i v e l y  abrupt in f lu x  of coarse 
terrigenous d e t r i tu s .  A fu r the r  impl ica t ion of th is  observation 
is tha t  these deposits aresome of the youngest cu r ren t ly  
represented in the area.

4.5.vi Rauansalo l i th o fa c ie s  in te rp re ta t ion

At th is  stage, analysis is based on only two exposures 
(Figure 39) in which a t u r b i d i t y  current o r ig in  is indicated 
fo r  somewhat channelized graded un its  0.1-1.0 m th ick .  Never­
theless there seems to be no diagnostic d iscriminant between 
t u r b id i t y  currents carrying ep ic la s t ic  volcanogenic de t r i tus  
and a true submarine pyroc las t ic  f low. In e i the r  case, the mafic 
composition and tec tonostra t ig raphic  con t inu i ty  with the 
Tohmajarvi area to the south suggest deposition on the submarine 
f lank of  a contemporaneous volcanic complex. Perhaps one 
c r i te r io n  fo r  d is t ingu ish ing pyroc las t ic  flows from more 
conventional e p ic la s t ic  tu rb id i te s  would be the presence of 
quartz or g ra n i t i c  de t r i tus  in the coarser parts of the beds.
I f  quartz phenocrysts were absent from the dominantly mafic 
Tohmajarvi complex then the f ind ing  of d e t r i t a l  grains would 
indicate the sedimentary mixing of d i f fe re n t  source components. 
These are indeed ra re ly  observed but the ma jo r i ty  of  coarse 
de t r i tus  is  fe ldspath ic  and angular which is opposite to the 
general ly observed trend of quartz occurring in increasing 
abundance with progressive sediment matur i ty . This, and the 
mafic (now hornblende-rich) matr ix argue against considerable 
d e t r i t a l  supply from Archaean basement or ear ly  Proterozoic 
c la s t ic  deposits.

The low-angle discordance shown in Figure 3 9 c,and the 
i r regu la r  brecciat ion in the massive underlying bed may be 
causal ly connected; increasing f l u i d  pressure from below could 
have i n i t i a t e d  i n s t a b i l i t y  and slumping of uppermost beds with
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brecc iat ion and f l u id iz a t io n  in more competent layers. An 
external f l u i d  source is suggested in that the breccia matr ix is 
d i f f e re n t  from the host rock but the proximity of volcanic or 
hydrothermal a c t i v i t y  cannot be asserted on th is  basis alone.

In summary, the few outcrops of th is  l i th o fa c ie s  examined 
ind icate a vo lcan ic las t ic  o r ig in  but the re la t i v e  con tr ibu t ion  of 
submarine pyroc last ic  flows is  unclear. Submarine deposit ion on 
the f lanks of a volcanic e d i f i c e ,  presumably to the south, is 
indicated, with absence of basement de t r i tus  due to burial  beneath 
lava f lows, or development of the volcanic complex wholly w i th in  
the basin i t s e l f .

4.5 .VÜ  K a l l io ja r v i  l i th o fa c ie s  in te rp re ta t ion

There are occasional ly c lear r e l i c t s  of o r ig ina l  s t ructures, 
ind ica t ing a t u r b i d i t y  current o r ig in  but th is  explanation need 
not be un iversa l ly  appl icable - fo r  instance storm or t i d a l l y  
induced reworking of shallow marine shel f  sediments would be 
d i f f i c u l t  to e i the r  prove or re fu te .  The most notable d is t in c t io n  
of th is  l i th o fa c ie s  is the higher proport ion of metapeli te and 
cons is tent ly  th inner depositional un its  than in the other c la s t i c  
l i th o fa c ie s .  I f  a tu r b id i t e  o r ig in  is accepted, then a more 
d is ta l  environment is indicated, cor re la t ion  being made with 
Mutti  and Ricci Lucchi ‘ s Facies C, and especia l ly  D, representing 
non-channelized outer fan or basin-p la in  deposits.

Extent and s t ra t ig raph ica l  posi t ion of the l i tho fac ie s  is 
at th is  stage unclear.
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4.6 SUMMARY OF DEPOSITIONAL ENVIRONMENTS (see Figure 41)

( i )  Although d is t in c t io n  between the Savo and Hoytiainen 
provinces remains appropr ia te ,s im i la r  deposit ional processes would 
have been operative in both. The l a t t e r  province has,however, 
better  preserved and more diverse primary deposit ional features;  
only the Nii t ty lahdenran ta t ie  l i t h o fa c ie s ,  along the NE margin of 
the Savo province shows such features abundantly.

( i i )  No substantial  basin margin, shallow-marine or 
t e r r e s t r i a l  deposits have been preserved in the Savo province 
(wi th in the study area). Restr icted development of arkosic meta­
sediment occurs w i th in  the Oravisalo assemblage (Oravisalon louhos 
and Kankaala l i t h o fa c ie s ) ,  but only in close prox imity  to i t s  
presumed Archaean basement source. Metapsephites ind ica t ing  base­
ment or int rabasinal  provenance define, in part ,  the Sammallahti 
and Nii t ty lahdenran ta t ie  l i tho fa c ie s  along the eastern margin of 
the province, and the Ni inikkosaar i l i tho fac ies  immediately to 
the N of the study area. These deposits c le a r ly  belong to a 
proximal environment w i th in  the context of a submarine fan or 
d is t r ib u ta ry  system and show evidence of deposit ion by sediment- 
g rav i ty  flows. The N i i t ty lahdenran ta t ie  l i tho fa c ies  in pa r t icu la r  
appears to include deposits formed by debris flows and high- 
density t u r b id i t y  currents,  suggesting a submarine canyon or 
major inner fan channel system. The bulk of the monotonous 
Raakkyla l i th o fa c ies  is reckoned to have or ig inated as medium-
to thick-bedded tu rb id i te s  in a prograding submarine fan.

( i i i )  The Kettamonniemicoarse-clastic l i tho fa c ie s  is 
interpreted as a proximal, p a r t l y  channelized fan sequence 
deposited along the western margin of the Hoytiainen province, 
passing upwards and l a t e r a l l y  in to  metapsammites less diagnostic 
of a suprafan - middle fan environment (Salonkyla and Suhmura
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l i t h o fa c ie s ) .  S imilar sediment-gravity processes were responsible 
fo r  deposit ion of  the Tikkala l i th o fa c ie s ,  though in a sett ing more 
d is ta l  with respect to provenance. I t  appears to record a 
terrigenous c la s t ic  in f lu x  prograding over the f ine-grained 
Kukkupaa l i t h o fa c ie s .  This probably comprises metamorphosed mud 
and s i l t  tu rb id i te s  fo r  the most part but some evidence exists 
fo r  calcareous and s i l iceous chemical deposition. The Mulo 
l i tho fac ies  is of more l im i ted  extent and believed to be almost 
wholly chemogenic, with authigenic fe ldspar , carbonate and sulphide 
The Rauansalo l i tho fa c ie s  appears to be vo lca n ic las t ic ,  derived 
from coeval mafic igneous rocks and may be in part  pyroc las t ic .



FIGURE 40 : RESEDIMENTED CLASTIC DEPOSITIONAL MODELS

a Envisaged permutations and development o f  water-sediment 
dispersions during progressive evo lut ion and devolut ion of 
sediment-gravity f lows, and resu l tan t  deposits, according 
to Middleton and Hampton (1976) and Walker (1979).

b Proposed location of  l i tho lo g ie s  w i th in  a submarine canyon 
and fan d is t r ib u ta ry  system, from Walker (1979).

c Typical deposit ional sequences id e n t i f ie d  wi th channel 
migration ( f i n in g -  and thinning-upward sequences) and 
prograding deposit ional lobes (coarsening- and th ickening- 
upward sequences), according to Mutt i  and Ricci Lucchi 
(1974).
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FIGURE 41 : SCHEMATIC DEPICTION OF DEPOSITIONAL ENVIRONMENTS

Proposed reconstruct ion of major deposit ional units and environ­
ments fo r  the Hoytiainen province and eastern margin of  the Savo 
province. Project ion is from south to north. Crossed hammers 
ind icate location of Hammaslahti copper-zinc deposit.
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5 .  D I S C U S S I O N  OF S E D I M E N T A R Y  PROV ENANC E

While not of value in deducing deposit ional environments, 
sediment composition may provide information on the nature of 
source-region l i t h o lo g ie s .  This may be examined d i r e c t l y  from 
r e l i c t  d e t r i t a l  mineralogy or in d i r e c t l y  in ferred from bulk 
chemical compositions and isotopic systems given at least a 
pa r t ia l  understanding of s u r f i c ia l  and deposit ional f rac t iona t ion  
processes. The l a t t e r  approach is ob l iga to ry  in intensely 
a l te red rocks but in the study area some l i th o lo g ies  preserve 
s u f f i c ie n t  d e t r i t a l  grains to permit d i rec t  in te rp re ta t ions .

5.1 DEDUCTIONS FROM PETROGRAPHICAL OBSERVATIONS: INTRODUCTION

Petrographical studies of metasediments reveal diverse 
information that may be c lass i f ied  in to  four general categories.

i )  Mineral growth in re la t ion  to deformational fab r ics ,  
l ink ing  metamorphic and s truc tura l  h is to ry .

i i )  Metamorphic mineral assemblages and parageneses which 
may be used to establ ish physical condit ions during metamorphism. 
Original l i th o lo g y  and composition can c le a r ly  inf luence 
subsequent mineralogy.

i i i )  Re l ic t  c la s t i c  grain re la t ions  that  may provide 
evidence fo r  depositional processes and environment.

iv )  Composition of r e l i c t  d e t r i t a l  grains.

I t  is the l a t t e r  category that  is considered here - the 
f i r s t  two were discussed in re la t ion  to deformation and micro­
structures and the third,where perta in ing to l i th o fac ie s  in te rp r e t ­
at ion,  in the preceding section. L ike ly  provenance is therefore
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discussed fo r  each l i tho fa c ie s  In which o r ig ina l  d e t r i t a l  
mineralogy is recognizable. As with s t ruc tura l  and l i th o lo g ic a l  
parameters, the Savo and Hoytiainen provinces, and th e i r  
respective l i t h o lo g ic a l  assemblages show s ig n i f ic a n t  and 
diagnostic var ia t ions in primary mineralogy and i n f e r e n t i a l l y  
in provenance. Attention is p re fe re n t ia l l y  given to coarser- 
grained l i th o fac ie s  as larger grains tend to be more diverse 
and read i ly  id e n t i f i a b le ;  smaller grains are also more subject 
to modif icat ion during re c ry s ta l l i z a t io n  (Figure 42).

5.2 PETROGRAPHY AND PROVENANCE OF ASSEMBLAGES IN THE
SAVO PROVINCE

5.2.1 Provenance of Oravisalo assemblage

Doubt has already been expressed as to the d e t r i t a l  nature 
of feldspar and quartz grains in the Kankaala l i tho fac ie s  but 
i f  such an o r ig in  is accepted, a proximal g ran i to id  basement 
provenance is log ica l  (Figure 43a). This is demonstrable fo r  
the Oravisalo quarry l i t h o fa c ie s ,  containing as i t  does pebbles 
l i t h o lo g i c a l l y  ind is t ingu ishable  from the underlying Archaean 
basement. S imilar de t r i tus  is evident in the Niin ikkosaar i 
l i t h o fa c ies  N of the study area proper (Map 2 ) except tha t  
fragments o f -o r thoquar tz i te are lo c a l l y  common and angular.
At the Oravisalo quarry, the unconformity i t s e l f  o f fe rs  incon­
t ro v e r t ib le  evidence that  Archaean basement was p e r io d ica l ly  
exposed while the above evidence indicates the local existence 
and erosion of quartz i tes resembling Jatu l ian deposits,now only 
preserved between Kaavi and Koli to the N of the study area 
(Map 1 ).
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5 .2 . i i  Provenance of the Pyhaselka assemblage

The mafic to calcareous metapel ites of the Ni va l i th o fa c ies  
do not preserve any obvious d e t r i t a l  grain morphology and even 
i f  they include a large vo lcan ic las t ic  component th is  is un l ike ly  
to be of value in determining provenance, though an intrabasinal  
o r ig in  is more probable than e p ic la s t ic  reworking of older 
metabasites. Such a viewpoint is adopted because of the int imate 
in te rca la t ion  of the e a r l i e r  Proterozoic mafic rocks and 
Jatu l ian o r thoquar tz i tes : very e f f i c i e n t  winnowing would be 
necessary to separate these mixed d e t r i t a l  components but most 
evidence indicates poor sor t ing during deposit ion.

The metapsephites of  the N i i t ty lahdenrantat ie ,and 
Sammallahti l i tho fa c ie s  contain intrabasinal  c lasts  derived 
from reworking of adjacent sediments and thus provide few clues 
as to u lt imate provenance. The Sammallahti l i tho fa c ie s  does 
a d d i t ion a l ly  contain granule-sized de t r i tus  of a quartzo- 
fe ldspathic nature; a g ran i to id  o r ig in  is l i k e l y  fo r  grains such 
as that i l l u s t r a te d  in Figure 43b but other examples suggest 
a l te rna t ive  sources such as o r thoquar tz i tes (eg. Figure 43c).

The metapsammites in terca la ted w i th in  both the above l i t h o ­
facies and comprising the bulk of  the Raakkyla l i tho fa c ie s  are 
extensively re c rys ta l l i zed  but d is t in c t i v e  in th e i r  plagioclase 
feldspar content. Of ol igoclase-andesine composition, th is  is 
an ubiquitous, f requent ly  major component of  these rocks and 
th e i r  presumed corre la t ives  throughout North Kare l ia , as fo r  
example in the northern Haukivesi area (Gaâl and Rauhamaki 1971) 
and the Outokumpu d i s t r i c t  (Gaal and others 1975). Modal 
abundances range from 5-35% and Na-coba l t in i t ra te  sta in ing 
fa i le d  to reveal K-feldspar in th in  section. In the absence of 

a su itable a l te rna t ive  Na-bearing phase, the present plagioclase 
is considered to have rec rys ta l l i zed  from a d e t r i t a l  feldspar 
precursor; th is  may have been i n i t i a l l y  somewhat more calc ic
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in view of the widespread occurrence of accessory garnet and 
c a lc i te .

Such abundance of plagioclase is somewhat unusual, 
p a r t i c u la r l y  when concomitant with a dearth of K-feldspar - 
in general, re la t i v e  i n s t a b i l i t y  of these minerals would favour 
preferent ia l  concentrat ion of the l a t t e r  but the abundance of 
both should diminish with respect to quartz and i l l i t e  or 
kao l in i te  with progressive weathering (Eriksson and Soegaard 
1983, Folk 1974). In marked contrast  to the Raakkyla l i t h o fa c ie s ,  
th is  is observed in the Jatu l ian platform sequences throughout 
Finnish and Soviet Karel ia, with successively younger units  
showing an increasing matur i ty ,  a t t r ibu ted  to e f fe c t ive  aeol ian 
or subaqueous reworking of e a r l i e r  deposits. This culminates in 
widespread, extremely pure o r thoquar tz i te and lesser occurrences 
of k a o l in i te - r i c h  lenses, now represented by an abundance of 
andalusite or kyanite (Metzger 1924, Hausen 1930, Ojakangas 
1965, Pekkarinen 1979). Thus the Raakkyla l i th o fac ie s  is 
revealed as anomalous in i t s  d e t r i t a l  mineral proport ions and 
an explanation fo r  th is  might be found in the nature of i t s  
source regions in addi t ion to any sedimentary f rac t iona t ion  
or metamorphic e f fec ts .

In an informal consensus based on avai lable data, Folk 
(1974) proffered the conclusion tha t  the abundance of plagioclase 
resul ts  from rapid deposit ion in a te c to n ic a l l y  act ive environment 
and t e s t i f i e s  to der ivat ion from a volcanic or p lu tonic  and 
presumably mafic or . intermediate  source.

Abundant b io t i t e  in the Raakkyla l i tho fac ie s  may re f l e c t  a 
ch lo r i te -montmor i l Ion i te  d e t r i t a l  precursor which also departs 
from the clay mineral assemblage expected upon severe weathering 
of the granito ids and f e l s i c  gneisses of the Archaean cra ton.
The weathering of mafic supracrustal rocks, such as occur in
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the Archaean greenstone terranes, is  a potentia l  source fo r  
suitable d e t r i tu s .  At the current erosion surface these appear 
to be a rea l ly  subordinate to the f e l s i c  gneisses and gran i to ids ,  
though they could have been more extensive p r io r  to erosion.
The absence of such de t r i tus  in deposits of  known basement 
provenance (see below) tends to mi t igate  th is  argument but the 
p o s s ib i l i t y  should be considered in any deta i led ,  quant i ta t ive  
analysis concerning chemical and physical aspects of sedimentation.

I f ,  to re i t e ra te ,  the adjacent basement rocks of the 
Archaean craton were not the major source fo r  deposits of the 
Raakkyla l i t h o fa c ie s ,  and the foregoing discussion would seem 
to ind icate th i s ,  an a l te rna t ive  must be sought, capable of 
having supplied abundant plagioclase-bearing de t r i tus  to a 
rap id ly  accumulating depocenter. That provenance d i rec t ion  could 
have been from the S and W has not been vindicated by palaeocurrent 
data or precise id e n t i f i c a t io n  of source l i t h o lo g ie s .  Nevertheless 
there is some evidence consistent w i th ,  i f  not demonstrating 
th is  postulate. F i r s t l y ,  there is the widespread preservation 
of Jatu l ian or thoquartz i te  and other platform deposits above 
the basement unconformity, between Kaavi and Koli and thence 
southwards through Ki ih te lysvaara towards the Lake Ladoga 
(Map 1). This may ind icate that Archaean rocks NE of  the present 
outcrop of the Pyhaselka assemblage remained blanketed by 
Proterozoic cover rocks and hence were inaccessible as source 
rocks unless to local graben or in deeply incised val leys.
Secondly, the Pyhaselka assemblage is in pa r t ,  i f  not wholly 
allochthonous and the resu l ts  of th is  study, and that of 
Koistinen (1981) suggest a substantial  northwards component of 
t ra n s la t io n ;  pa l inspast ic  reconstruct ions would therefore remove 
the or ig ina l  depocenter somewhat fu r the r  away from cur ren t ly  
juxtaposed basement. On the other hand, even a displacement 
of several hundred ki lometers may be r e la t i v e l y  t r i v i a l  i f  
considerat ion is given to the tor tuous, seemingly capricious
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courses of major d is t r ib u ta ry  systems (such as the Brahmaputra 
and Niger r ive rs )  and the huge volume of th e i r  associated de l ta-  
submarine fan complexes. In such cases, basement areas adjacent 
to the depocenter may contr ibute  comparatively less de t r i tus  
than more d is ta l  ac t iv e ly  eroding te r ra ins ,  and so exert only 
a minor inf luence on sediment supply and composition.

The so-cal led Svecofennidic realm (Laajoki 1983) or 
Svecofennian terrane (Park and others 1984) comprising the SW 
part of Finland presents a log ica l  a l te rna t ive  source area in 
terms of p rox imal i ty  and also composition, with abundant bimodal 
extrusive and intermediate to basic p lutonic l i th o lo g ie s .
Though an a t t ra c t iv e  and r e a l i s t i c  p o s s ib i l i t y ,  the dearth of 
geochronological data in the region leaves as speculat ive, the 
mutual age re la t ionships between these and the Pyhaselka 
assemblage and hence whether or not the Svecofennian rocks 
even existed during deposit ion of the l a t t e r .  Only broadly 
bracketing constra in ts ex is t  at the time of w r i t i n g ,  with a 
lower age l i m i t  of 1.97 Ga fo r  Raakkyla l i th o fa c ie s  cor re la t ives 
at Horsmanaho, N of Outokumpu (Koist inen 1981) . This determination 
is derived from a pre- tecton ic  gabbro w ith in  the Outokumpu 
assemblage, considered to be older than the metapsammite 
sequence. A conservative, r e l ia b le ,  minimum l i m i t  is provided 
by a zircon-based U-Pb concordia in tercept  age of 1.925 6a, 
reported from Haukivesi by Gaâl and Rauhamaki (1971); th is  
re fers to mafic p lu tonic  rocks syntectonic with respect to 
major deformation on the Haukivesi shear zone, which is correlated 
with Group 4 structures of the present study area. With few 
exceptions, Svecofennian samples y ie ld  marginal ly younger ages, 
from 1.88 - 1.92 Ga whether they be synorogenic in t rus ions ,  
metavolcanic rocks or d e t r i t a l  populations from in te rcala ted 
metasediments (Simonen 1980, Kahkonen and La i takar i  1983).
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Again in the Haukivesi area, Gaâl and Rauhamaki (1971) 
record diopside amphibol ites of volcanogenic o r ig in  but consider 
them to over l ie  rather  than act as source fo r  the associated 
'veined gneiss' complex, here correlated with the Raakkyla 
l i th o fa c ie s .  I t  must therefore be stated that no conclusive 
evidence is avai lable concerning the provenance of the bulk of 
the Pyhaselka assemblage. Derivat ion from juxtaposed Archaean 
basement seems less plausib le than from appropriate Svecofennian 
l i th o lo g ie s  that  ex is t  to the S and W but i t  is equal ly accept­
able to envisage a more d is ta l  source with de t r i tus  transported 
Over great distances w i th in  a major d is t r ib u ta ry  system. In th is  
l a t t e r  context , the Lappland granul i tes between the Karel ian 

craton and Kola Peninsula is worthy of considerat ion, p a r t i c u la r l y  
as i t  s tab i l ized  during orogenesis at 2.1-2.0 Ga and could thus 
have ac t ive ly  supplied de t r i tu s  to adjacent Karel ia (Barbey and 
others 1984).

5 . 2 . i i i  Provenance of Kettamo assemblage

These l i tho lo g ie s  contrast  markedly with those of the 
Pyhaselka assemblage in composition as in the abundance of 
read i ly  id e n t i f i a b le  de t r i tu s .  The coarse, resedimented c la s t i c  
deposits near Kettamonniemi have been grouped in to  subfacies 
on the basis of c las t  composition which seems to vary 
sympathetical ly with s t ra t ig raph ie  posi t ion.  Thus, rounded 
or thoquartz i te  de t r i tu s  is diagnostic of the lowermost 
Peta j ikkoka l l io  subfacies, with fe ldspar - r ich  matr ix in addi t ion 
to g ra n i t i c  c las ts .  The overly ing Karvanurmi and Pitkanurmi 
subfacies are defined by a predominance of grani to id-der ived 
d e t r i tu s ,  with an increasing proport ion of intrabasinal gray- 
wacke clasts and non-diagnostic monocrystal 1 i ne quartz higher 
in the sequence. This trend represents an inversion of source 
area s tra t igraphy as would be expected, with progressive 
unroofing of the g ran i to id  basement from beneath the qua r tz i te -  
dominated cover sequence.
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Indiv idual g ran i to id  c lasts  c lose ly  resemble the more 
fe l s i c  l i tho log ies  belonging to the Archaean craton in Karel ia 
and there is l i t t l e  doubt that  th is  represents t h e i r  source region 
The size of some of the g ran i to id  and quartz i te  c lasts  alone 
would appear to ind icate p rox imal i ty  to source, though with some 
degree of resedimentation in to  a submarine d is t r ib u ta ry  channel. 
Continued progradation of a submarine fan would be an obvious 
way in which earl ier- formed deposits could be reworked, ensuring 
a steady, i f  not overwhelming supply of in t ra-bas ina l  de t r i tus  
in the younger part of the sequence.

In contrast to the Pyhaselka assemblage, both plagioclase 
and K-feldspar are present as d e t r i t u s ;  neither is abundant at 
s i l t  size but p a r t i a l l y  rounded coarser grains are common 
(Figure 43f) .  These are f requent ly  very tu rb id  such tha t  the 
presence of r e l i c t  lamel lar twinning is the only pract ica l  way 
to discriminate between the two feldspars yet even so,plagioclase 
and microcl ine could be confused. Na-coba l t in i t ra te  sta in ing 
has however c le a r ly  ind icated the presence of K-feldspar in both 
th in -sec t ion  and hand specimen.

Somewhat su rp r is ing ly , the  stain impregnated not only 
discre te d e t r i t a l  grains but some i n t e r s t i t i a l  areas as we l l .
I t  is  l i k e l y  that th is  re f lec ts  authigenic feldspar cement in 
su i tab ly  porous deposits that  lacked an abundance of phy l lo -  
s i l i c a te  matrix or la b i le  d e t r i tu s .  This would be compatible 
with the presence of a lka l ine  groundwaters as a consequence of 
severe weathering and consistent with proposed processes in 
the formation of the non-detr i ta l  Mulo l i th o fa c ie s .
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5.3 PETROGRAPHY AND PROVENANCE IN THE HOYTIAINEN PROVINCE

The diverse Hammaslahti assemblage contains several 
l i tho fac ies  lacking in d i s t in c t i v e  de t r i tus .  The Mulo and Kukkupaa 
l i tho fac ies  t y p ic a l l y  represent chemical and d is ta l  basin 
deposits and the Suhmura and K a l l i o ja r v i  l i th o fa c ies  contain 
monomineral l i e  d e t r i tu s ,  c h ie f l y  quartz and consequently do 
not indicate any spec i f ic  provenance. The notable absence of 
feldspar suggests a mineralogical matur i ty  in sp i te  of textura l  
immaturi ty and is  a s ig n i f i c a n t  d iscriminant between metapsammites 
of th is  and the Savo Province.

Some horizons w i th in  the Tikkala l i tho fac ie s  contain a 
considerable d iv e rs i t y  of  c lasts  (Figure 37g), inc luding 
gran i to id ,  o r thoquar tz i te ,  vein quartz, gneissic l i th o lo g ies  
and a va r ie ty  of in trabasinal  o r ig in .  As with the Kettamo 
l i th o fa c ies  th is  is compatible with a local basin-margin 
provenance though in th is  instance there is evidence of more 
d is ta l  redeposition by sediment-gravity f lows.

Maturi ty inversions are also ch a rac te r is t ic ,  with some 
poorly sorted metagraywackes showing exceptional ly  wel l-rounded 
mono- and po lyc rys ta l l ine  quartz grains (Figure 43d,e,h). Angular 
feldspar de t r i tus  is  also present and th is  is usual ly correlated 
with r e la t i v e l y  rapid deposit ion (Folk 1974).

Opalescent blue quartz de t r i tus  is a p a r t i c u la r l y  d is ­
t i n c t i v e  though minor component of the province. Identica l  quartz 
occur as phenocrysts in Lower Proterozoic dykes in NE Finland and 
also in f e l s i c  to intermediate volcanic rocks in adjacent Soviet 
Karel ia.  Thus a source region to the E would be implied, there 
being no appropriate l i th o lo g ie s  cur ren t ly  exposed in basement 
i n l i e r s  to the W of the Hoytiainen province.
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Some of the debris f low deposits at Tikkala contain 
various types of sedimentary clasts,, most of which probably 
represent reworking of  penecontemporaneous basin margin or 
slope deposits. Pink dolomite c lasts  could j u s t  as equal ly 
belong to an e a r l i e r  d i s t i n c t  phase of sedimentation, perhaps 
correlated with the Jatu l ian  dolomites at Ki ihtelysvaara 
(Pekkarinen 1979a). However from their context, an int rabasinal 
o r ig in  is  favoured and they are perhaps the only surv iv ing 
evidence fo r  a carbonate she l f  environment having existed w i th in  
the basin of deposit ion.

5.4 CHEMICAL STUDIES AND PROVENANCE

This approach is a p o te n t ia l l y  valuable one but demands a 
r e a l i s t i c  understanding of s u r f i c ia l  and depositional f ra c t io n ­
at ion effects  as well as due considerat ion of diagenetic and 
metamorphic compositional changes. Iso la t ion  of  ind iv idual  
components is  general ly more meaningful than a bulk chemical 
analysis which could homogenize and obscure d i s t in c t i v e  features 
inher i ted from d i f f e re n t  source regions. That i s ,  a typ ica l  
sediment may represent the amalgamation of several d i s t i n c t ,  
fract ionated end-member components and cannot be modelled so 
read i ly  as, fo r  example, l inea r  separation of  melt and residual 
components from a magma.

Nevertheless, some general izat ions may be made from unpub­
l ished whole-rock major element analyses made avai lable by 
Outokumpu Oy. These show Pyhaselka assemblage metapsammites to 
be s i l i c a  depleted and more mafic wi th respect to mean values 
fo r  Archaean basement, based on data from Negrutsa (1974) and 
Pekkarinen (1979a). For comparative purposes, these resul ts  are 
tabulated below:
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Archaean basement Savo province metapsammites

Negrutsa Pekkarinen 
(1974) (1979a)

Outokumpu Oy 
(unpublished data)

n = 173 n = ? X n On

Si02 70.63 69.1 61.99 42 2.54

TiOz 0.24 0.4 0.52 42 0.07

Al 2 O 3 15.12 14.7 12.69 42 1.54

FeOt 2.90 3.3 6.39 42 1.28

MnO 0.04 0.1 0.08 42 0.02

MgO 0.83 1.8 3.58 42 0.74

CaO 1.56 2.0 2.60 42 0.79

Na20 3.83 4.4 2.56 42 0.94

K2 O 3.45 3.0 2,80 42 0.52

P2 O5 0.01 0.1 0.73 42 0.01

I t  is read i ly  apparent tha t  Savo province metapsammites 
remain d i s t i n c t l y  less s i l iceous than mean Archaean basement, 
even at a population standard deviat ion of  2a, whi le they are 
considerably enriched in MgO, FeO and CaO. This d i f f e r s  substan­
t i a l l y  from the composition of  sediments known to have a g ran i to id  
provenance. Metzger (1924), Vayrynen (1928), Hausen (1930), Ojakangas 
(1965), Negrutsa (1974 and Pekkarinen (1979a) a l l  conclude that 
progressive weathering and reworking of basement-derived sediments 
culminates in mature or thoquartz i tes with s e r ic i t e  or kao l in i te  
matr ix.  Such a compositional evolut ion has been accorded general 
v a l i d i t y  by Eriksson and Soegaard (1983) who quant i fy  the process 
in terms of the Chemical Index of A l te ra t io n ,  defined thus:

CIA = A I 2 O3 /  (A I 2 O3 + CaO + Na20 + K2 O) x 100.
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Average mudstones have CIA values of 70- 75 but fo r  typ ica l  
Proterozoic or Archaean sediments they may r ise  to over 90, 
ind ica t ing  more intense chemical weathering (Eriksson and 
Soegaard 1983). In contrast ,va lues fo r  Savo province meta- 
psammmites are d is t r ibu ted  about a mean of 61, with a modal 
range between 62 and 67;lower values may re f l e c t  'contamination' 
by an authigenic component such as c a lc i te .

However, an a l te rn a t iv e ,o r  addit ional fac to r  tha t  may 
cause sediment composition to deviate from the more usual trend is 
post-weathering loss of s i l i c a .  Although quartz is apparently a 
residual end-member of the weathering process, s i l i c a  may be 
subsequently removed from sediments: i f ,  as is  widely maintained, 
the Precambrian ocean was r e la t i v e l y  undersaturated with respect 
to s i l i c a ,  then much of th is  component may have been dissolved 
and remained in solut ion . Furthermore,solut ion t rans fe r  processes 
during Sg- and Sg cleavage d i f fe re n t ia t io n  presumably l iberated 
s i l ica ,produc ing abundant quartz veins. Chemical sampling tends 
to be biassed against co l lec t ing  from these yet i t  has been 
estimated that  they may account fo r  up to 10% by volume of Such a 
rock sequence (Beach 1976, Stephens and others 1979).

Hence, unless these factors  can be accurately assessed
and modelled, quant i ta t ive  use of chemical data is res t r ic ted
in i t s  appl icat ion and on th is  basis alone, a basement provenance 
fo r  Savo province metapsammites can neither be discounted nor 
confirmed.

A somewhat dif ferent, very f r u i t f u l  geochemical approach 
is the analysis of REE patterns as employed by Taylor (1979).
Such an approach is based on an apparent secular trend that
can be used to discriminate between Archaean and younger deposits.
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Su r f ic ia l  processes are assumed to e f f i c i e n t l y  homogenize 
diverse upper crustal l i t h o lo g ie s ,  thus representing bulk upper 
crustal composition by cha rac te r is t ic  low-variance REE abundance 
patterns. With respect to chondr i t ic  abundances, Archaean and 
post-Archaean sediments both show an overal l  greater abundance 
of REE, with a re la t i v e  enrichment of  the l i g h te r  elements (La - 
Sm). This enrichment is  more marked in post-Archaean samples while 
an add i t iona l ,  very d is t in c t i v e  feature of these is  a negative 
anomaly in Eu abundance. Taylor (1979) explains th is  as due to 
Eu2+ subs t i tu t ion  in to  phases p re fe re n t ia l l y  retained in the 
lower crust and thereby, he advocates contrast ing processes of 
crustal d i f f e re n t ia t io n  across the Archaean-Proterozoic boundary 
- an assert ion supported by numerous l i th o lo g ic a l  and isotopic 
features.

For example,McLennan and others (1979) and McLennan and 
Taylor (1980) f ind  th is  s h i f t  in REE patterns to be recorded 
wi th in  the Lower Proterozoic Huronian succession of Canada and 
the Pine Creek Geosyncline in Austra l ia .  This is interpreted as 
re f le c t in g  an increased d e t r i t a l  input a f te r  progressive exhumation 
of abundant Late Archaean g ra n i t i c  rocks that are known to 
commonly contain s ig n i f ic a n t  negative Eu-anomalies. A coincident 
s ig n i f ic a n t  increase in the modelled radiogenic Sr content of sea 
water occurs as w e l l ,  a t t r ibu ted  to large scale f rac t iona t ion  at 
the Archaean-Proterozoic boundary (Veizer and Compston 1976).

These f ind ings c le a r ly  have d i rec t  appl icat ion to the 
present study in that  the major contention surrounding the o r ig in  
of Savo province metasediments is whether they derive from Archaean 
basement or from penecontemporaneous lower Proterozoic sources.
That i s ,  th e i r  age and set t ing  make REE patterns a pract ica l  and 
convenient parameter in d iscr im ination and hence resolving the 

problem. The value of resu l ts  would be enhanced by corresponding 
analyses from the adjacent Hoytiainen province whose derivat ion
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from Archaean basement is  not in dispute. Mixing of  d e t r i t a l  
and authigenic components in equi l ibr ium with ambient sea water 
may a l te r  abundances in d e ta i l ,  due to the secular trend towards 
general REE enrichment, but should not modify the overal l  
morphology of the patterns.  Unfortunately no REE data have yet 
been published fo r  North Karel ian metasediments, though analysis 
of a sui te of whole-rock samples from the study area is cur ren t ly  
in progress.

5.5 ISOTOPIC STUDIES IN RELATION TO PROVENANCE

5 .5 . i K-Ar and Rb-Sr systems

Since d e t r i t a l  sediments are p o te n t ia l l y  complex mixtures 
of components of diverse age or o r ig in ,  whole-rock isotopic 
analysis is un l ike ly  to y ie ld  a geolog ica l ly  meaningful resu l t ,  
or i f  i t  does, th is  is l i k e l y  to re fe r  to a period of  la te r  
homogenization under metamorphic condit ions. Even i f  the pract ica l  
d i f f i c u l t i e s  of iso la t ing  pure, d i s t i n c t i v e ,  cogenetic grain 
populations are overcome, resul ts  obtained do not necessari ly 
correspond to e i the r  depositional or inheri ted source-rock ages. 
Rather, they w i l l  c le a r ly  depend in part on the i n te g r i t y  of the 
isotopic  system and also on the post-deposit ional h is to ry  of the 
sample. Thus d e t r i t a l  muscovite may re ta in K-Ar source region 
characte r is t ics  throughout greenschist facies metamorphism, 
though th is  property decreases markedly in proport ion to decreasing 
grain size (J. Hunziker, spoken comm.). A co ro l la ry  of  th is  is 
that  K-Ar isotopic systems of  clay-s ized de tr i tus  may survive 
undisturbed through diagenesis and at  least ear ly  stages of 
bur ial  metamorphism, rather than e f fe c t i v e ly  equ i l ib ra te  with 
ambient sea-water. Gebauer and Grunenfelder (1974) l ikewise 
conclude that  Rb-Sr whole-rock systems are also subject to post- 
depositional isotopic  exchange and un l ike ly  to record depositional 
ages. These authors also acknowledge that degree of homogenization 
is size dependent, with coarse d e t r i t a l  micas being l i k e l y  to 
preserve predeposit ional isotopic  features. Thus the f ina l
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resu l tan t  value may record a complex in te rac t ion  between components 
having d i f fe re n t  age, Rb/Sr and i n i t i a l  ^^Sr/^^Sr and, which have 
not necessarily re -equ i l ib ra ted  to the same extent during post- 
depositional events. A fu r the r  compounding problem with Lower 

Proterozoic sequences is that t h e i r  deposit ion apparently cor­
responds to a period of  rapid increase in ^^Sr/^^Sr (Veizer 1973) 
and th is  would tend to a f fe c t  the r e l i a b i l i t y  o f  model ages with 
respect to isotope evolut ion o f  sea water. Given these fac to rs ,  
Rb-Sr and K-Ar analyses were deemed inappropriate fo r  th is  study.

5 .5 .Ü  U-Pb and Pb-Pb system

As an ubiquitous d e t r i t a l  accessory minera l , zircon has 
proven p a r t i c u la r l y  useful in determining U-Pb ages of provenance 
area l i th o lo g ie s .  Gebauer and Grunenfelder (1976, 1977) have 
however determined tha t  o ld , h igh ly  metamict zircons may undergo 
substantial  radiogenic lead loss when subjected to la te r  meta­
morphism; since isotop ic  f rac t iona t ion  is un l ike ly ,  i t  is never­
theless possible tha t  Pb-Pb ra t ios  s t i l l  preserve ind ications of 
a more ancient o r ig in .  Using th is  method, Vaasjoki (1981) has 
c lea r ly  dist inguished between Archaean basement, Karel ian meta­
sediments and the Svecofennian l i th o lo g ie s  of SW Finland. The 
Karel ian data are based almost e n t i r e l y  on epigenetic vein 
samples and do not appear to s ig n i f i c a n t l y  discriminate between 
p a r t icu la r  regions: although the samples from the Outokumpu ore
deposit are very d is t in c t i v e  in t h e i r  low U and Th content, 
model ages f a l l  w i th in  the diverse range encompassed by analyses 
from Hoytiainen province metapsammite s . These l a t t e r  are from 
1.977 - 2.360 Ga fo r  the Stacey-Kramers (two-stage) model or 
from 1.820 - 2.180 Ga fo r  the Cummings-Richards (evolving U/Pb 
r a t i o s )  model; fo r  both models an a f f i n i t y  with Archaean 
basement isotopic  cha rac te r is t ics  is evident, consistent with at 
least pa r t ia l  derivat ion of metasediments from th is  source.

The Outokumpu Pb-Pb model ages show, in contrast , less 
v a r i a b i l i t y  and according to Vaasjoki (1981), represent the 
p r im i t ive ,  older end-members of a d is t in c t i v e  Svecokarelian
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su i te  of data. This evolut ionary  trend is recorded by a decrease 
in model ages from the Outokumpu ore to Svecofennian deposits

■k
and an increasing Pb content and U/Pb ra t io  which produce a 
coherent sub-l inear array on various Pb-Pb diagrams. These 
features are in te rpreted by Vaasjoki as ind ica t ing a p r im i t ive  
component of mantle o r ig in  gradual ly  modified by progressive 
homogenization with mobilized lead of crustal o r ig in .  In 
conclusion, Pb-Pb isotopic  ra t ios  and model ages are ev idently  
compatible with d iscr im ination between the Savo and Hoytiainen 
provinces, as proposed independently from other c r i t e r i a .

Returning to discussion of provenance determinations based 
on d e t r i t a l  zircon populat ions, only l im i ted  conclusions can 
be drawn. A sample isolated from metasediments at Vuonos mine, 
near Outokumpu has a Pb^^^/Pb^^^ age of 2.245 Ga, which is 
approximately mid-way between values fo r  Archaean and Svecokarelian 
in t rus ive  rocks (Geological Survey of  Finland 1976). Consideration 
must be given to the p o s s ib i l i t y  of th is  f igure being other than 
the primary age of zircon c r y s ta l l i z a t io n .  The investigations 
of  Gebauer and Grunenfelder (1976, 1977) demonstrated that  
discordant d e t r i t a l  zircons from Central Europe resolve an upper 
concordia in te rcept between 1.7 and 2.0 Ga but a lower in te rcept 
at 510-410 Ma. This is ascribed to substantial  (80 - 95%) lead 
loss during la te s t  Precambrian (Cadomian) metamorphism, with 
subsequent d e t r i t a l  reworking of the re -equ i l ib ra ted  zircons 
during the ear ly  Palaeozoic. Apparently, a f te r  a considerable 
period of time (at least 1.0 Ga?), h ighly metamict zircons are 
susceptible to re c ry s ta l l i z a t io n  and lead loss under greenschist 
facies condit ions. The degree of l a t t i c e  bombardment must, however 
depend upon U and Th content and where th is  is r e la t i v e l y  low, 
Archaean provenance ages have survived early-middle Proterozoic 
metamorphism with zircon isotop ic  systems v i r t u a l l y  undisturbed 
(Page and others 1980). In North Karel ia th is  was already 

apparent in the pioneering work of Kouvo (1958), not indeed from
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d e t r i t a l  zircon populations but from re tent ion of  Archaean U-Pb 
charac te r is t ics  in basement i n l i e r s  while Rb-Sr whole-rock and 
K-Ar systematics were reset during the Svecokarelian Orogeny.
These f indings have been corroborated more recent ly  by studies 
near the basement contact in northern Sweden (Skibld 1979b.

To supplement these data, zircons from several samples are 
cur ren t ly  being analyzed at the Geological Survey of  Finland, by 
Hannu Huhma . One sample is of meta-arkose from the Kettamonniemi 
l i t h o fa c ie s ,  which consists exc lus ive ly  of Archaean gran i to id  
de t r i tus  (or of reworked sedimentary material with Archaean 
basement as ul t imate source). I t  is hoped tha t  th is  re su l t  
might indicate to what extent o r ig ina l  U-Pb charac te r is t ics  have 
survived Svecokarelian metamorphism.

The second sample is from the Sammallahti l i tho fa c ie s  near 
the eastern margin o f  the Savo province and was selected because 
of the re la t i ve  abundance of zircon. These grains can be we l l -  
zoned but with rounded apices, probably due to sedimentary 
a t t r i t i o n  rather than magmatic resorpt ion.  Archaean basement 
as provenance is p lausib le but equivocal;  the sediment is poorly 
sorted and contains scattered granules of some f e l s i c  p lutonic 
or metasedimentary a f f i n i t y .  However i t  is probable tha t  th is  
represents a lo ca l ,  marginal or proximal aspect of the Savo 
province and an Archaean provenance need not be representat ive 
of the major source region.

5 . 5 . i i i  Nd-Sm system

Nd-Sm isotopic analyses provide yet another su itable 
avenue fo r  provenance invest igat ions:  there does not appear
to be any f rac t iona t ion  between these elements during sedimentary 
processes (McCulloch and Wasserburg 1978) and systems are 
ev idently  unperturbed by high-grade metamorphism. No data have 
been published fo r  Finnish metasediments but prel iminary  resul ts  

are avai lable fo r  samples from the Hoytiainen province, col lected
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with and analyzed by Hannu Huhma at the Geological Survey of 
Finland. These are calculated model ages using Nd/Sm and Nd 
isotopic  ra t io s ;  analyses are whole-rock and the i n a b i l i t y  to 
iso la te  f rac t ions of d i f fe r in g  Nd/Sm ra t ios  made obtaining an 
isochron impractical .

Sample Li thofaci  es 5ml47/Ndl44 TcHUR(Ma)

SllA Rauansalo .1967

SUB Rauansalo .1617

S12 Tikkala .1273 2329 - 50

513 Kukkupaa .1119 2169- 53

S14 Kukkupaa .1101 2156- 70

515 Kettamonniemi .1055 2322 - 86

Discussion of  samples and discussions of resu l ts :

( i )  Sample S15 was the only coarse-grained metasediment 
de l ibe ra te ly  obtained. I t  is thereby hoped that i t  represented 
de t r i tus  derived d i r e c t l y  from an Archaean gran i to id  source (or 
in d i r e c t l y  reworked via e a r l ie r  Proterozoic sediments) and would 
thus provide an ind ica t ion of whether or not the isotop ic  system 
has remianed in e r t ,  y ie ld ing  provenance ages. Clast types and 
proximity of basement enable an Archaean provenance to be 
asserted with confidence, demanding an explanation fo r  the younger 

TchUR model age. Nothing d e f in i te  can be establ ished at th is  
stage but i t  is possible tha t  modelling with respect to the mantle 
t ra je c to ry  (based on undepleted chondr i t ic  evo lu t ion) ,  is not 
appropriate. This might be p a r t i c u la r l y  so i f  there is  an 
authigenic component to the sediment. Calc ite is  not abundant 
and mica could equal ly be d e t r i t a l ;  K-feldspar has been id e n t i f ie d
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as an i n t e r s t i t i a l ,  presumably authigenic phase and may thus 
ind ica te mixing of  several components. However since the residence 
time of  rare earth element in sea water is  short ,  and REE content 
in K-feldspar is  small ,  i t  is more l i k e l y  tha t  the younger age 
re f le c ts  a d i s t i n c t  lower Proterozoic component, probably o r ig ina l  
l y  in the form of  d e t r i t a l  clay (M. McCulloch spoken comm.).

( i i )  Sample S12 is from sulphide-bearing metapeli te between 
metagraywacke beds deposited in an inner fan environment developed 
w i th in  the nascent Hoytiainen province. Abundant d e t r i t a l  grains 
indicate an ult imate quartzo-fe ldspathic  provenance, wi th abundant 
intrabasinal  c lasts ind ica t ing  penecontemporaneous reworking and 
down-slope t ransport .  Metapel i tes are believed to have or ig inated 
as mud and s i l t  t u r b id i te s ,  or as the upper parts of graded 
rudites and areni tes, so tha t  a d e t r i t a l  o r ig in  is considered 
l i k e l y  fo r  mica and/or c lay precursors. Thus i t  is  not unexpected 
that  i t  y ie ld  a s im i la r  model age to tha t  fo r  the Kettamonniemi 
l i tho fa c ies  meta-arkose (S15), fu r the r  suggesting tha t  any 
discrepency between th is  value and the true age is due to modelling. 
The higher Sm^47/|\|çjl44 ra t io  may be a resu l t  of  an overal l  greater 

abundance of REE in micaceous p e l i te as opposed to K-feldspar 
arkose, p a r t i c u la r l y  i f  i t  derived from a Jatu l ian  source.

( i i i )  Sample 313 is from the Kukkupaa l i th o fa c ie s  and is 
a micaceous metapeli te with sporadic laminae r icher  in f i n e ­
grained quartz. Apart from a probable chemogenic o r ig in  fo r  
these l a t t e r ,  i t  is uncertain whether phy l los i l  icates are of 
terrigenous c la s t ic  or authigenic o r ig in .  I f  d e t r i t a l ,  the source 
need not have been exc lus ive ly  Archaean as Jatu l ian metabasites 
and others w i th in  the Hoytiainen province i t s e l f  y ie ld  U-Pb zircon 
ages broadly coeval with the estimated model range fo r  th is  sample 
(Pekkarinen 1979a, H.Huhma spoken comm.).

( i v )  Sample S14 is  also from the Kukkupaa l i t h o fa c ie s ,  some 
7 km away from the s i te  of sample S13. I t  is  l i k e l y  that th is  

sample contains in part  a calcareous chemogenic component and l i ke
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$13, the quartz-mica component comprising the bulk of the rock 
is not diagnostic of provenance. Nevertheless the samples 
are mutual ly consistent with respect to both TchuR model age 
and Sm^47/|\jdl47 ra t io  and c le a r ly  d is t inguishable from the samples 

of more obvious Archaean d e t r i t a l  o r ig in  (512 and 515).

(v) 5amples l lA  and IIB ind ica te ,  by way of contrast , the 
heterogeneity tha t  may ex is t  in a s ingle outcrop. Both samples 
are from hornblende-chlor i te-bearing graded metagraywackes in 
which d e t r i t a l  feldspar and quartz are also evident. I t  was not 
possible to assign a model age but the high Sm^47/[(j(jl44 ra t ios  

with respect to that of undepleted mantle (CHUR = 0.1967) indicate 
a short crustal  residence time fo r  the p ro to l i t h .  This supports 
the in te rp re ta t ion  from l i t h o lo g i c a l ,  tec tonostra t ig raphic  and 
petro logical c r i t e r i a  tha t  the Rauansalo l i th o fac ie s  derives, at 
least  in part ,  from the Tohmajarvi basic igneous complex. I t  is 

also consistent with Jatu l ian  igneous rocks in general being 
derived from somewhat depleted mantle (H. Huhma spoken comm.).

5.6 SUMMARY OF PROVENANCE DEDUCTIONS

( i )  The composition o f  metasediments, inc luding recognit ion 
of d é t r i t a l  elements and the use of l im i ted  geochemical and iso­
top ic data, support the subdivision of the study area in to  the 
Savo and Hoytiainen provinces.

( i i )  The Hoytiainen province contains s u f f i c ie n t  r e l i c t  
de t r i tus  to i d e n t i f y  provenance from Archaean gran i to id  basement 
and Proterozoic sediments (T ikkala,  Kettamonniemi and Suhmura 
l i th o fa c ie s )  and lo c a l l y  from penecontemporaneous metabasites 
(Rauansalo l i t h o fa c ie s ) .

( i i i )  The Savo province records loca l ,  basal or marginal 
derivat ion from Archaean basement (Oravisalo quarry. N i in ikkosaar i ,  
Sammallahti l i t h o fa c ie s ) .  The bulk of the metasediments are
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however, of uncertain provenance but of d i s t in c t i v e ,  b i o t i t e -  
and p lagioclase-r ich character. They may derive from any combi­
nation of three sources - Archaean gran i to id  basement, igneous 
Svecofennian l i tho lo g ie s  or from the Lappland granul i tes to the 

NE of Karel ia , as int imated by Barbey and others (1984). REE and 
addit ional isotopic data might permit resolut ion of these problems 
provenance ages in excess of 1.92 Ga would e f f e c t i v e ly  exclude 
the p o s s ib i l i t y  of a Svecofennian contr ibu t ion to Savo province 
metasediment.

( i v )  The l im i ted  Nd-Sm data avai lable appear to a f f i rm  
the value of th is  isotopdc system in examining provenance of 
metasediments.



FIGURE 42: RELICT AND RECRYSTALLIZED FABRICS

Scale bar represents 1 mm

Graded massive s i l t  with r e l i c t  rounded and angular d e t r i t a l  
grains recording neg l ig ib le  re c ry s ta l l i z a t io n  or growth; 
uppermost dark band is  g raph i te - r ich .  Underlying laminated 
metapeli te l ikewise preserves depositional fa b r i c ,  whi le 
showing th in  laye r -pa ra l le l  ve in le ts  and at l e f t ,  pseudomorphs, 
possibly a f te r  s ta u ro l i te  (Qnkamo 04.6 17.4). PPL.

Laminated depositional units are preserved, defined by graphite- 
r ich laminae a l te rna t ing  with calcareous metapel i te. Meta­
morphic growth of b i o t i t e ,  quartz and c a lc i te  has however 
ob l i te ra ted ind iv idual  d e t r i t a l  grain boundaries 
( N i i t t y l a h t i  97.7 30.1). PPL.





FIGURE 43: RELICT DETRITAL MINERALOGY AND GRAIN SHAPE

Scale bar represents 1 mm

Deformed, matr ix-poor metapsammite with microcl ine grains showing 
orthogonal ex t inc t ion  lamellae and at bottom l e f t  mult ip ly-twinned 
plagioclase grain (Kankaala l i tho fac ies^  Oravisalo 75.3 15.2). NX.

Large grain of polycrystal  1ine quartz in Sammallahti l i tho fac ie s  
metapsammite (Pyhaselkâ 91.7 20.0). NX.

Sutured and s t y l o l i t i c  boundaries between d e t r i t a l  grains of 
monocrystal l ine quartz. The re la t ive  absence of matr ix is  typ ica l  
of wel l -sorted Jatu l ian or thoquartz i tes ( Viesimo 15,8 25.6). NX.

Well-rounded d e t r i t a l  grains consist ing of  coarser-grained quartz 
of probable g ra n i t i c  der ivat ion and f iner-g ra ined polycrysta l 1ine 
aggregates of probable chert or or thoquartz i te  o r ig in .  Boundaries 
are well -def ined by c a lc i te  (mottled grey) and inc ip ien t  
r e c ry s ta l l i z a t io n  at grain margins (Tikkala l i t h o fa c ie s ,
N i i t t y l a h t i  98.2 35.8). NX.

Large rounded quartz grain in f iner-gra ined poorly sorted meta- 
t u rb id i te  (Tikkala l i t h o fa c ie s ,  Qnkamo 04.6 17.4). NX.

Subangular d e t r i t a l  grain outl ines preserved in f ine-grained 
quartzose meta turb id i te with larger granite rock fragment at 
l e f t  and feldspar and quartz grains at r ig h t  (Kettamonniemi 
l i t h o fa c ie s ,  Pyhaselka 94.6 27.3). NX.

Polygonally annealed polycrystal  1ine quartz enclosed by 
chalcopyr i te. Chlor i te  port ion at top indicates o r ig ina l  d e t r i t a l  
nature of c la s t ,  brecciated during ore mobi l izat ion (Tikkala 
l i t h o fa c ie s ,  Hammaslahti mine). NX. - -

D e t r i ta l  quartz grain of probable g ra n i t i c  or reworked 
sedimentary o r ig in ,  enclosed in a hornblende-chlori te matrix 
derived from mafic vo lcan ic las t ic  sediments (Rauansalo l i t h o fa c ie s ,  
Rauansalo 04.8 22.5). NX.
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6. INDICATIONS OF PALAEOSLOPE AND BASIN EXTENT

6.1 INTRODUCTION

At ind iv idual  exposures, evidence fo r  palaeocurrent a c t i v i t y  
may be recorded by cross-bedding, or directed scours or channels 
and trend of palaeoslope may be indicated by synsedimentary 
slumps. Only a few examples have been found in the study area - 
c e r ta in ly  too few to enable an adequate reconstruct ion of basin 
morphology, espec ia l ly  in view of the complex tectonic  deformation. 
At a larger scale, transgression across underlying u n i ts ,  or 
local erosion of former ly contiguous, widespread formations may 
provide information concerning palaeotopography. This kind of 
analysis is also re s t r ic te d  by complex s tructure  and lack of 
ce r ta in ty  in s t ra t ig raph ica l  cor re la t ion .

6.2 OUTCROP SCALE PALAEOSLOPE INDICATORS

6 .2 . i Savo province

Only one exposure displayed c lear evidence of  d i rec t iona l  
sedimentary s t ruc tures,  w i th in  the Raakkyla l i th o fa c ie s  at 
Nivansalo (Pyhaselka 94.20.2 ). These are evident in Figure 25 
as probable climbing r ipp les in three successive beds ind icating 
an eastwards component of  f low ( r ig h t  to l e f t ) .  An accurate 
current vector cannot be determined as the angular re la t ionsh ip  
betwen dune crests and the plane of exposure is unknown. More­
over, restorat ion to o r ig ina l  a t t i tu de  is d i f f i c u l t  because the 
outcrop is apparently located in the rotated hinge of  a major
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F2 or F3 fo ld  s truc tu re . Since th is  lo c a l i t y  cannot be considered 
in re la t io n  to any other outcrops in the Savo province, conclusions 
concerning palaeoslope and regional sediment dispersal are 
precluded.

6 . 2 . i i  Hoytiainen province

Several widely scattered lo c a l i t ie s  ind ica te  a no rthe rly  
component to the palaeoslope, which is consistent w ith sediment 
dispersal along the axis o f the depositional basin. At Tikkala 
ra ilway s id ing (Onkamo 04.6 17.4) (Figure 35), a la rge, rounded 
boulder in  a presumed debris -f low  deposit appears to show th icke r 
beds on i t s  l e f t  hand ("upslope" side than to the r ig h t ,  where 
several beds are suggestive o f fo reset accumulations " in  f ro n t  of" 
the obstructing boulder. These beds are on the upper limb o f an 
s tru c tu re , according to younging c r i t e r ia  and cleavage vergence, 
subsequently reoriented in to  a v e r t ic a l  Group 5 shear zone; 
assessing the l i k e l i e s t  deformation path as having been by 
tra n s la t io n  and ro ta t io n ,  an o r ig in a l northwards component to 
palaeocurrent flow seems tenable, upon a f te r  res to r ing  to the 
h o r iz o n ta l.

Metagraywackes on a more gently  dipping F  ̂ upper limb at 
Lentosarkka (Pyhaselka 94.6 27.3, Figure 32a-d, map 3) also 
appear to record a no rthe r ly  dipping palaeoslope, by the existence 
of a coherent slump fa u l t ,  of normal sense (as opposed to the 
overthrust sense o f tec ton ic  s tru c tu re s ). This is demonstrably 
not o f tec ton ic  o r ig in ,  as i t  has caused a p la s t ic  deformation 
of adjacent beds and is  i t s e l f  transected by Sg and S3 fo l ia t io n s .  
At a somewhat lower s tra t ig ra p h ica l level w ith in  the Kettamonniemi 
l i th o fa c ie s  (Pyhasel ka 94.4 28.4 , Figure 30c,d, map 3 ) ,  a 
possible imbricate o r ie n ta t io n  o f large g ran ito id  c las ts  is  
ind ica t ive  of a s im ila r  palaeoslope trend.
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A minor discordance in mafic Rauansalo l i th o fa c ie s  meta- 
graywackes (Figure 39a,c) l ikew ise suggests slumping in a 
northerly  d ire c t ion  and a s im ila r  d ire c t ion  is indicated by 
current lamination in some graded interbeds. Elsewhere, th in -  
bedded tu rb id i te s  or the upper parts of th icke r un its  sporad ica lly  
show current lamination but only ra re ly  are these unambiguous.

6.3 REGIONAL INDICATORS OF BASIN GEOMETRY

6 .3 . i Savo province

Only a segment o f the eastern margin is  present in the 
study area and even th is  is  a major tec ton ic  d is lo ca t io n , along 
the Kettamb th rus t zone. Nevertheless, i t  is  evident tha t 
Pyhaselka assemblage metasediments were deposited upon Archaean 
basement or lo c a l ly  upon intervening sequences including meta- 
basites and non-de tr ita l sediments such as those at Oravisalo. 
Consistent w ith th is  is  the preservation of unconformities and 
coarse, basement-derived d e t r i tu s ,  a t Oravisalo, Kettamonniemi 
and N of the study area at N iin ikkosaari and Sotkuma, a l l  
ind ica ting  widespread exposure o f Archaean basement during 
deposition. I f  any e a r l ie r  ProterozoiC deposits existed on 
th is  basement, they were subsequently removed - a viewpoint 
supported by the absence o f any such s tra ta  at the basement 
unconformity, in sp ite  of the presence of o rthoquartz ite c lasts 
amongst g ran ito id  d e tr i tu s  in the N iin ikkosaari and Kettamonniemi 
l i th o fa c ie s .  Farther to the N however, between Kaavi and K o li,  
Jatu lian o rthoquartz ites and metabasites are extensively 
preserved, and would have e f fe c t iv e ly  prevented erosional access 
to Archaean basement in th is  region (Map 1).
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The palaeotopographic im plica tions of th is  d i f fe re n t ia l  
preservation of cover formations are not s tra ightforward. I t  
seems log ica l to explain i t  as due to blanketing o f the sequence 
in the north, deriv ing sediment from basement to the south,, now 
exposed only as in l ie r s  at Oravisalo, Kettamonniemi and Sotkuma. 
However, th is  scenario ignores the p o s s ib i l i t y  tha t cover 
sequences were not un iform ly developed throughout the region, 
and the fa c t  tha t in the absence o f isopach estimates fo r  the 
Savo province deposits, uncerta in ty  ex is ts  as to the loca tion of 
the main basin depocenter. Indeed ra ther than to the north, the 
present, te c to n ic a l ly  modified re la tionsh ips suggest a th icke r 
development towards the south-west, as fa r  as Savonlinna where 
d is t in c t ly  d i f fe re n t  l i th o lo g ie s  and tec ton ic  sty les are 
encountered (Gaâl and Rauhamaki 1971).

Furthermore i t  need not be assumed tha t the source terrane 
was necessarily adjacent to  the depositional basin - as long as 
a major r iv e r  system ex is ted, d e tr i tu s  could have been transported 
a great distance from other areas subject to u p l i f t  and denudation. 
The high, presumably primary, plagioclase content o f much of 
the Pyhaselka assemblage does however constrain estimates of the 
amount of transport and weathering of d e tr i tu s  so tha t a source 
fu r th e r  than the Lappland g ranu lite  b e lt  to the northeast o f Kare lia , 
or the Svecofennian terranes to  the southwest is  deemed improbable.

Only the N iit ty la h d e n ra n ta t ie  l i th o fa c ie s  seems to preserve 
evidence of a major submarine d is t r ib u ta ry  system, near the 
present NE margin of the province. There is  un fortuna te ly  no 
evidence of how fa r  th is  has been displaced te c to n ic a l ly ,  nor any 
d irec t iona l data to ind ica te  sediment dispersal trends.

6 .3 . i i  Regional ind ica tions  o f sediment dispersal w ith in  
the Hoytiainen province

In sp ite  o f i t s  present western boundary being delineated
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by the Kettamb th rus t zone, there is  l i t t l e  doubt tha t th is  
approximates to the o r ig in a l basin margin, thus c le a r ly  defin ing 
a l inea r depositional feature flanked to e ith e r side by Archaean 
basement. The eastern margin preserves an unconformity, merely 
t i l t e d ,  between Kiih te lysvaara and the Soviet border (Pekkarinen 
1979a) but the southwards continuation o f the province, through 
Jan is ja rv i and Soanlahti to Ladoga shows evidence o f overthrusted 
re la tionsh ips (Wegmann 1929, Hausen 1930). Likewise to the N, 
overthrusting is  prominent in the v ic in i t y  o f Koli (Vayrynen 
1939, Gaâl 1964) though unconformable re la tionsh ips are also 
well-exposed (J.Marmo, spoken comm.). From inspection of Map 1 
i t  is  evident tha t the eastern and western margins o f the province 
converge northwards, in fe r e n t ia l ly  in to  a zone of major tecton ic 
s ign if icance which may be contiguous with s truc tu ra l features 
to the N, in the Kainuu metasedimentary sequence (Laajoki 1984).

At th is  juncture i t  is necessary to provide some more 
precise s tra t ig ra ph ie  meaning to the d e f in i t io n  o f the eastern 
margin o f the province. The diverse (Sariolan and Ja tu lian ) 
sequence consisting o f meta-arkose, o rthoquartz ite , metabasite 
and volcanogenic-chemogenic sediments (Figure 41, Map 5) is 
separated by a low-angle discordance from an overly ing th in ,  
but pers is ten t conglomerate horizon containing c lasts representing 
a l l  these l i th o lo g ie s  (Pekkarinen 1979). This s tra t ig ra ph ica l 
sequence is cons is ten t ly  observed between V a rts i la  on the Soviet 
border and K iih te lysvaara , and a d d it io n a l ly  in Soviet Kare lia , 
at Soanlahti (Hausen 1930), as well as northwards in the 
K on t io lah t i-K o li  d i s t r i c t  (J.Marmo,spoken comm.). The discordance 
at the base of th is  conglomerate is  taken to represent both the 
temporal and eastern geographical l im i ts  to Hbytiâinen province 
sedimentation, even though i t  may be diachronous. Pekkarinen 
(1979a) records tha t un its  s t ra t ig ra p h ic a l ly  underlying th is  
discordance successively wedge out along s tr ik e  so tha t N of 
K iih te lysvaara , metabasites and the overly ing carbonate-black
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s late suite  are absent (Maps 1 and 2). This might be explained 
by southwards t i l t i n g  of the land surface, with correspondingly 
greater erosion in the north or a l te rn a t iv e ly ,  tha t the younger 
sequences were o r ig in a l ly  th inner or absent in the north. In 
e ith e r  case a depocenter in the south would be ind icated fo r  the 
i n i t i a l  stages o f Hoytiainen province sedimentation.

Within the lowermost Ja tu lian  o rthoquartz ite s , p reva il ing  
sediment dispersal seems to have been towards the ENE (Ojakangas 
1965, Heiskanen 1980, Sokolov 1980), an inference supported by 
the preservation o f th icke r p re -Ja tu lian  arkose and glaciogenic 
deposits at K ontio lah ti than a t K iih te lysvaara (J.Marmo, spoken 
comm.). However, these conclusions need not preclude sediment 
dispersal in to  the Hoytiainen province having an e n t i re ly  
d is t in c t  trend, induced by tec ton ic  events tha t disrupted the 
e a r l ie r  depositional patterns.

The evidence already presented fo r  provenance o f the 
Rauansalo l i th o fa c ie s  (Section 5.3 ) provides the only other 
ind ica tion  o f regional palaeoslope w ith in  the Hoytiainen province 
From th is ,  i t  would appear tha t sediment was dispersed in a 
no rthe rly  d ire c t io n  from the flanks of an in trabasina l volcanic 
e d i f ic e ,  now in part represented by the Tohmajarvi igneous 
complex (Figure 41).
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7. STRATIGRAPHICAL CORRELATIONS AND CONSIDERATIONS

7.1 GENERAL COMMENTS

ProterozoiC platform cover is  widely d is tr ib u te d  across 
the Archaean craton of the eastern B a lt ic  Shield. Correlation 
of geographically separated sequences is  impeded by a number of 
fac to rs , of which the fo llow ing seem relevant to Karelia,

i )  L itho log ica l boundaries may be quite diachronous.

i i )  Certain facies may be very im pers is ten t, w ith l im ited  
la te ra l extent..

i i i )  Correlation using erosional or tec ton ic  hiatuses 
and discordances, or palaeosol horizons o ffe rs  no ind ica tion  
of the duration of the h ia tus, unless l i th o lo g ie s  both above
and below the boundary are amenable to iso top ic  age determinations

iv )  A progressively maturing platform sequence w i l l  tend 
to involve p a r t ia l  or complete reworking of e a r l ie r  deposits; 
certa in  formations may thus be absent in some areas, due to 
erosion, while elsewhere they are present as o u t l ie rs  d i f f i c u l t  
to corre la te .

v) Subsequent erosion and landscape evo lu tion , in 
removing th inner un its or those at higher e levations, may also 
have removed evidence o f la te ra l facies t ra n s it io n s  v i ta l  to 
co rre la t io n .

v i)  Failure to recognize tecton ic  e f fe c ts ,  such as 
a l1ochthonous th rus t sheets, in areas o f poor exposure, may 
lead to undetected dup lica tion  of s tra t ig raph ie  sequences.
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Most published work has recognized at least some of these 
l im ita t io n s  and few recent studies a c tu a lly  con trad ic t e a r l ie r  
c la s s i f ic a t io n  schemes. Important, thorough documentation of 
l i th o lo g ic a l  types and th e i r  d is t r ib u t io n  was f i r s t  made by 
Frosterus and WilKman (1920), Metzger(1924), Vayrynen (1928,1939) 
and Hausen (1930), w ith the presently accepted s tra t ig ra ph ica l 
sequence being f i r s t  recognized by Vayrynen (1933). From a 
more conceptual basis, co rre la t ion  of d i f fe re n t  l i th o lo g ie s  as 
contemporaneous facies variants was attempted as ea r ly  as 1924 
by Metzger, a t Suojarvi in Soviet Kare lia , and Wegmann (1928) 
in terpreted d i f fe re n t  l i th o lo g ic a l  groups as representing 
d i f fe r in g  tec ton ic  environments, according to Alpine tecton ic  
paradigms.

' As a re su lt  o f these three, e sse n t ia l ly  d i f fe re n t  approaches, 
the nomenclature of lower Proterozoic sediments in Karelia has 
various ly  acquired l i t h o fa c ia l ,  tec tonostra t ig raph ic  or precise 
s tra t ig ra ph ica l connotations. Due to increasing ly  deta iled 
f ie ld  inves tiga tions , and iso top ic  dating o f igneous c lasts  or 
in te rca la ted metalavas, the s t r i c t l y  1ith o s tra t ig ra p h ica l 
approach is  nowadays more feas ib le  and p a r t ic u la r  reference is 
made to the studies o f Pekkarinen (1979a) and reviews by Sokolov 
(1980) and Laajoki (1983). Principa l s tra t ig ra p h ica l un its  
adopted from these works are presented in Figure 44.

7.2 REGIONAL STRATIGRAPHICAL CORRELATION

The Proterozoic o f Karelia has long beensubdivided in to  
three major un its ,  each containing ch a ra c te r is t ic  l i th o lo g ie s  
(Eskola 1925, Vayrynen 1928). From oldest to youngest, these are 
the Sariolan, Ja tu lian  and Kalevian sequences; the Sariolan is 
be tte r developed in Soviet Karelia but there the Kalevian is  
not recognized or at least is  represented by d i f fe re n t  facies 
(Heiskanen 1980, Sokolov 1980).
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7 .2 . i Sariolan sequence

Sediments t y p ic a l ly  contain d e tr i tu s  re a d ily  id e n t i f ia b le  
as of Archaean basement provenance but a component from associated 
mafic to fe ls ic  volcanic rocks is  also present. Volcanic in te r ­
calations themselves are most abundant in Soviet Karelia but 
metalavas are also present in the Kurkikyla Group in adjacent 
parts of Finland (Laajoki 1983). Nearer to the study area Sariolan 
metapsephites and meta-arkoses cons titu te  an impersistent u n it  
overly ing Archaean basement at K iih te lysvaara (Pekkarinen 1979a) 
and a more substantia l and diverse sequence, inc lud ing glacigenic 
deposits, at Kontio lahti (Marmo and Ojakangas 1983). Pekkarinen 
(1979a) has presented evidence tha t these sediments are younger 
than 2.34 Ga quartz veins.

7 .2 . i i  Ja tu lian  sequence

Throughout Finnish Kare lia , Sario la-type deposits are 
invariab ly  ove r la in , in some places disconformably, by more 
mature o rthoquartz ites which can form homogeneous sequences 
exceeding 500 m in thickness. Abundant metadolerite dyke swarms 
and s i l l s  intrude these quartz ite s , while metabasite lavas and 
tu f fs  are lo c a l ly  in te rca la ted , as at K iih te lysvaara (Pekkarinen 
1979a). Further to the east, in Soviet Karelia, the volcanogenic 
component is  increasing ly  prevalent and several magmatic and 
depositional cycles recognized on the Karelian craton by Sokolov 
(1980) and Svetov (1980) presumably corre la te  with major igneous 
a c t iv i t y  w ith in  the then nascent Belomorian fo ld  b e l t  (Barbey 
and others, 1984). Finnish Karelia may thus record a condensed, 
possibly te r re s t r ia l  lower Ja tu lian  sequence consistent with 
aeolian and f l u v i a t i l e  environments deduced from the ortho­
quartzi tes by various workers (Metzger 1924, Hausen 1930,
Ojakangas 1965, Pekkarinen 1979, Heiskanen 1980).
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This terrigenous sequence is  succeeded conformably almost 
everywhere by diverse, but equally d is t in c t iv e  l i th o lo g ie s ,  
mostly of volcanogenic and chemogenic o r ig in  and o r ig in a l ly  
c la s s if ie d  as 'marine J a tu l ia n ' .  Regardless o f depositional 
environment they are characterized by massive and laminated meta- 
dolomites ( inc lud ing s tro m a to l i te s ) ,  carbonaceous metapelites 
and oxide-, carbonate- and sulphide-bearing banded iron formations 
Metatuffs are d i f f i c u l t  to d is t ingu ish  from other metapelites 
but th e i r  presence is  to be expected, given continued evidence 
of continued mafic igneous a c t i v i t y  in the form of metagabbro 
and metadolerite s i l l s  (Metzger 1924, Hausen 1930, Pekkarinen 
1979a, K. Heiskanen spoken comm.).

The Ja tu lian  sequence at K iih te lysvaara has been thoroughly 
documented sedimento log ica lly and geochemically by Pekkarinen 
(1979a) and is  valuable as a representative reference section. 
Metabasites dykes in Ja tu lian  quartz ites have yielded isotop ic  
ages between 2.13 Ga and 2.02 Ga and several Pb-Pb studies of 
metadolomites and iron formations give ages around 2.05 and 2.02 
fo r  la te r  Ja tu lian  sedimentation (Sakko and Laajoki 1975,
Laajoki and Saikkonen 1977, Pekkarinen 1979).

7 .2 . i i i  Kalevian sequences

The eastern margin of the Hoytiainen Province as defined 
in th is  study corresponds to the basal Kalevian sequence at 
K iih te lysvaara , in the sense of Pekkarinen (1979a). There, as 
through much o f eastern Finland, the Ja tu lian  is  disconformably 
overla in  by metagraywackes (many of demonstrable tu rb id i te  
o r ig in ) ,  commonly inc lud ing a basal metasephite containing c lasts 
derived in p a r t ic u la r  from the underlying o r thoquartz ites and 
metabasites (Figure 38d,e).
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Although vo lu m e tr ica l ly  abundant in Finnish Karelia the 
Kalevian has received l i t t l e  a t te n t io n , mostly because of i t s  
complex s truc tu re , dearth o f sedimentary structures and meta- 
morphic re c ry s ta l l iz a t io n .  Vayrynen (1933) f i r s t  demonstrated 
depositional re la tionsh ips  to the Jatu lian  sequences and in 
1939 also recognized two major l i th o lo g ic a l  d iv is ions  corresponding 
broadly to the Savo province metapsammites and Hoytiainen province 
metapelites of th is  study. Nevertheless the differences were 
ascribed p r in c ip a l ly  to an increase in metamorphic grade towards 
the southwest - an observation which is  in general, correct.
The serpentini te s , metabasites, metadolomites and other l i th o lo g ie s  
of the Outokumpu assemblage have long been regarded as older 
than the Kalevian metapsammites but formal co rre la t io n  with the 
Jatu lian  has not been attempted,in part due to th e i r  allochthonous 
nature (Vayrynen 1939, Koistinen 1981).

The Kalevian is  not so prevalent in Soviet Karelia but the 
sequence described at Soanlahti and Jan is ja rv i (Hausen 1930) is 
l i k e ly  to be comparable and contiguous with those from the 
Hoytiainen province. In p a r t ic u la r  the Partanen conglomerate 
Hausen describes is  very s im ila r  in pos it ion  and c la s t  content 
to the basal Kalevian conglomerate at K iih te lysvaara . The 
"Ladoga series" described by Hackman (1933) and Zaonezhye- 
Suisarian sequence o f Sokolov (1980) and Heiskanen (1980) also 
apparently co rre la te , a t least in pa rt ,  with the Kalevian of 
Finnish Karelia . However the Suisarian contains a p y roc las t ic ,  
and p i c r i t i c  volcanic component (Sokolov 1980) which d i f fe rs  
from the Kalevian of Finland, as does the overly ing Vepsian 
coarse-c lastic  sequence which may thus represent the youngest 
Svecokarelian rocks preserved in Karelia (Figure 44 ).

7 .2 . iv  Other lower Proterozoic sequences

None of the Svecofennian un its  defined inthe c lass ica l 
studies of Sederholm (1897) or more recently  (Kahkdnen and
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La itakari 1983) are germane to the present study. However, 
the area between Savonlinna and Varkaus, studied by Gaâl and 
Rauhamaki (1971) may contain both Svecofennian and Karelian 
aspects; on Map 1, th is  area has been in fo rm a lly  re ferred to 
as the Haukivesi province. Pre-orogenic, supracrustal l i th o lo g ie s  
include 'veined gneisses' tha t corre la te  well in composition 
and general appearance with the less metamorphosed Kalevian meta­
psammites in North Karelia (Gaâl and Rauhamaki 1971, Gaâl and 
others 1975). These appear to in te rca la te  with diopside 
amphibolites but are in tec ton ic  jux ta pos it io n  with c o rd ie r i te -  
bearing m eta tu rb id ites and metavolcanic un its  south o f Savonlinna. 
Some ind ica tion  of an unconformable s tra t ig ra ph ica l re la t ionsh ip  
may however be recorded by the Savonlinna conglomerate (Gaâl 
and Rauhamaki 1971).

7.3 STRATIGRAPHY OF THE STUDY AREA AND ITS REGIONAL CONTEXT

No ind iv idua l un its  have been corre lated across the boundary 
between the Hoytiainen and Savo provinces, even though both 
provinces contain Ja tu lian  o r thoqua rtz ite d e tr i tu s  and may there­
fore be broadly coeval. Instead, the Oravisalo and Pyhaselkâ 
assemblages o f the Savo province and the Kettamb and Hammaslahti 
assemblages of the Hoytiainen province are considered to represent 
two d is t in c t  s tra t ig ra p h ica l sequences (Figures 41 and 44). The 
d i f f i c u l t i e s  outlined in Section 7.1 preclude a l l  but the most 
rudimentary in te rp re ta t io n  o f  the Savo province, in which the 
metapsammites and local metapsephites o f the Pyhaselka assemblage 
were deposited on the mafic metapelites and metabasites o f the 
Oravisalo assemblage, and indeed the Outokumpu assemblage 
(Koistinen 1981).

More evidence is ava ilab le  fo r  ve r t ic a l and la te ra l l i t h o ­
facies var ia tions in the Hoytiainen province, though in te rp re ta ­
tions depend to some extent on the v a l id i t y  o f co rre la t in g  the
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resedimented coarse c la s t ic  deposits o f the Kettamb and Tikkala 
l i th o fa c ie s  w ith  the basal Kalevian conglomerates disconformably 
overly ing the 'marine J a tu l ia n ' K iih te lysvaara carbonate-volcanite* 
carbonaceous s la te  su ite  defined by Pekkarinen (1979a). This 
assumption seems reasonable i f  a l l  the coarse deposits are 
regarded as a response to external tec ton ic  influences and implies 
tha t the Kukkupaa and Mulo l i th o fa c ie s  are in the s t r i c te s t  sense, 
'marine Ja tu l ia n ' co rre la t ive s  since evidence was presented in 
Sections 4 and 5 tha t these are overla in  by the Tikkala and 
Suhmura l i th o fa c ie s .  Although a depositional hiatus is  in fe rred 
between the uppermost Ja tu l ian  and basal Kalevian conglomerate 
at K iih te lysvaara (Pekkarinen 1979a), th is  can re s u lt  from tra ns ­
gression a t the basin margin while deposition has occurred con­
tinuously  in the more d is ta l  parts o f the basin. Hence, a w e l l-  
defined, disconformable boundary between the Ja tu lian  and Kalevian 
may not ever^,/here be present.

F in a l ly ,  the Tohmajarvi volcanic complex is  c la s s i f ie d  here 
as a local facies developed in the early  stages o f Hbytiâinen 
province sedimentation but pe rs is t ing  u n t i l  deposition o f the 
coarse c la s t ic ,  basement-derived T ikkala l i th o fa c ie s  (Figures 41 
and 44).



FIGURE 44 : STRATIGRAPHICAL RELATIONSHIPS

Major 1i th o s tra t ig ra p h ica l un its  o f the study area shown in 
re la t io n  to the sequence a t K iih te lysvaara (Pekkarinen 1979) and 
adjacent Soviet Karelia (Sokolov 1980). Correlation has not 
been attempted between the Savo and Hoytiainen provinces, which 
consist o f sequences t r a d i t io n a l ly  c la s s i f ie d  as Kalevian 
(Vayrynen 1939, 1954; Pekkarinen 1979). Early deposits in the 
Hoytiainen province may also correspond in part to the 'marine' 
or 'upper' Ja tu lian  o f e a r l ie r  workers but lack a d is t in c t  
disconformity w ith the overly ing basal Kalevian deposits. I t  is  

suggested tha t the Vepsian and Suisarian deposits in Soviet 
Karelia are younger than, i f  not Kalevian la te ra l  fac ies equivalents
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PART IV : APPLICATION OF RESULTS TO
REGIONAL FINNISH GEOLOGY
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1. THE 'PROBLEM' WITH MANTLED GNEISS DOMES

1.1 The concept o f mantled gneiss domes

Eskola's (1939) concept o f basement involvement during 
deformation of cover sequences has. received renewed a tten t io n  and 
comment in the past decade, w ith several publications discussing 
mantled gneiss domes in some of the type areas of eastern Finland. 
Based upon experimental resu lts  modelling g rav ita t io na l in s ta b i l i t y  
and d ia p i r ic  responses (Ramberg 1967) and f ie ld  observations (such 
as Stephansson 1975, Stephansson and Johnson 1976), Brun (1980) and 
Brun and others (1976, 1981) have advocated a d ia p i r ic  o r ig in  to 
account fo r  the morphology o f mantled gneiss domes at Kuopio, in 
central Finland some 150 km north-west o f the present study area. 
This in te rp re ta t io n  was disputed by Park (1981) in presenting 
evidence tha t basement in l ie r s  in Kare lia occur as culminations 
o f in te r fe r in g  or non -cy lind r ica l fo ld s ,  as postulated by Hobbs, 
Means and Williams (1976); the mantled gneiss dome hypothesis was 
thereby regarded as obsolescent, i f  not in v a lid .

Both these viewpoints embellish Eskola's o r ig in a l hypothesis 
to some extent, in th a t he did not fo rm ally  propose a mechanism 
of g rav ity -d r iven  d iapirism  but ra ther a general m o b i l i ty  induced 
by ultrametamorphism o f basement g ran ito ids . I t  is  moreover c lear 
from his summary f ig u re  7 tha t although a d u c t i le  deformation o f 
the basement-cover in te rface  was implied ( inc lud ing  fo l ia t io n  
development in the basement), p a r t ia l  melting did not take place 
at th is  crusta l level during Svecokarelian orogenesis in eastern 
Finland. Thus, apart from ascrib ing the bulk o f basement fa b r ic  
development to Proterozoic m o b il iza t ion , Eskola's proposals are, 
a t a descrip tive  le v e l,  consistent w ith , i f  less comprehensive than 
the resu lts  o f subsequent studies tha t id e n t i fy  a polyphase deforma- 
t io n a l h is to ry  (such as Preston 1954, Bowes 1976, Brun and other 

1976, 1981, Koistinen 1981, Park and Bowes 1983). The o r ig in  and
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development o f mantled gneiss domes remains however, contentious, 

and ju s t i f i a b ly  so.

1.2 In te rp re ta t io n  o f mantled gneiss domes

Both g ra v ita t io n a l i n s t a b i l i t y  and fo ld  in terference demand 
d u c t i le  deformation o f the basement-cover in te rface  and both BrOn 
and others (1976, 1981) and Park (1981) recognize tha t doming in 
Karelia was preceded by the development of two subparalle l f o l i a ­
tions and associated asymmetric fo lds  whose enveloping surfaces 
are p a ra l le l  to the basement-cover in te r face . These features are 
ty p ic a l ly  associated with sub-solidus d iapirism  (Stephansson and 
Johnson 1976), but do not in th is  case appear to be diagnostic 
ind ica tors  o f o r ig in .

Of considerably greater value is  an assessment o f the nature 
o f synkinematic mineral l in e a t io n s . According to Stephansson and 
Johnson (1976), rad ia l p r inc ipa l elongation l inea tions characterize 
d ia p i r ic  gneiss domes. I t  is  however, pa tently  obvious from the 
Karelian data compiled by Koistinen (1981, f ig u re  9) tha t the 
dominant mineral l in e a t io n  is  not r a d ia l ly  disposed about the 
Sotkuma and Maarianvaara domes, although i t  demonstrably pre-dates 
them. This is also the s itu a t io n  w ith regard to in the Oravisalo 
basement i n l i e r  in the present study area although in th is  case, 
Archaean rocks are c le a r ly  te c to n ic a l ly  in te rca la ted  w ith in  the 
Proterozoic cover. S im ila r examples o f thrusted basement s lices 
described from the Kaavi and Koli d is t r ic t s  (Frosterus and Wilkman 
1920, Vayrynen 1939, Gaâl 1964) and a t Kota lahti (Gaâl 1980) can be 
excluded from consideration as mantled gneiss domes on the grounds 
o f th e i r  allochthanous nature.

In te rp re ta t ion  of the Kuopio domes remains problematical in 
tha t i f  basement is  autochthonous, i t  is  d i f f i c u l t  to explain the 
frequently  steep dips o f the basement-cover in te rface  by buckle
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fo ld ing  during crusta l shortening. That is ,  unless some decollement 
is id e n t i f ie d ,  above which allochtonous basement and cover were 
folded together, gravity-induced deformation o f the in te rface  as 
evisaged by Brun (1980) and Brûn and others (1975, 1981) is  
p o te n t ia l ly  v iab le as an explanation o f the present geometry. The 
f e a s ib i l i t y  o f d iap ir ism  may be assessed with respect to the rheology 
of the rock u n its ,  and external boundary conditions such as depth 
to the basement-cover in te rface  and the nature of any imposed non­
hydrosta tic  stresses. At th is  stage, none of these parameters can 
be r e a l i s t i c a l l y  quan t if ied  or modelled but experimental and 
theore tica l models (B io t and Ode 1965, Ramberg 1972, Marsh 1979) 
suggest tha t a m p lif ica t ion  of d ia p irs  is  promoted by

( i )  increasing density con trast between overburden and source 
laye r, '

( i i )  decreasing v is c o s ity  of source laye r,  and

( i i i )  tensional stress regimes.

An example in which each o f these factors  has been favourable to 
d ia p i r ic  in trus ion  is  given by O i l ie r  and Pain (1980) who described 
a c t iv e ly  r is in g  gneiss domes in southeastern Papua New Guinea. Rapid 
uprise o f material having considerably lower v isco s ity  and density 
than i t s  overburden is  ind icated by Pliocene ages fo r  g ran ito ids  
in trud ing  dome cores and the presence o f the overly ing Papuan U lt ra -  
mafic Belt, while development in a tensional regime is  indicated by 
the proxim ity o f Cainozoic sea -f loo r spreading zones, the axis of 
the Papuan mountain chain and major transcurrent fa u l ts .

In contrast, evidence o f p a r t ia l  melting or in trus ion  spec ia lly  
in to  dome cores is lacking at the present erosion level in the 
Kuopio d i s t r i c t  and moreover, i t  seems un like ly  tha t density con­

tra s ts  would have been substantia l i f  Proterozoic sediments
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represent reworked Archaean basement. Neither is  there any d ire c t  
evidence fo r  the Kuopio domes having developed in a tensional 
se tt ing  - the s tra in  analyses of Brûn and others (1981) ind icate 
extension only lo c a l ly  and in a v e r t ic a l  d ire c t ion  while Preston's 
(1954) study ind icates tha t the Suvasvesi wrench fa u l t  (corre la ted 
with Group 4 structures o f th is  study and in terpreted as a response 
to N-S horizontal compression), transects some of the domes. Thus, 
i t  is  s t i l l  uncertain whether rheological properties and external 
conditions were conducive to d ia p i r ic  emplacement in the Kuopio 
d i s t r i c t .  On the other hand, no qu an t ita t ive  constraints can 
yet be applied, nor does in te rp re ta t io n  of the domes simply as fo ld  
in terference patterns explain the underlying causes o f deformation.

Limited evidence from the present study area nevertheless 
suggests a r ig id -b lo c k  response to g ra v ita t io n a l in s t a b i l i t y ,  
namely the occurrence o f major Group 5 structures as d u c t i le  normal 
fa u l ts .  A co ro l la ry  o f such in fe rred  u p l i f t  is  tha t the basement 
was in fa c t  less dense than the overly ing sedimentary rocks or else 
tha t basement was unroofed by rapid erosion o f the overthrust cover 
u n i ts ,  w ith u p l i f t  accommodated along reactivated Archaean features
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2. REGIONAL TECTONIC PARADIGMS

Consideration o f depositional and deformational events w ith in  
the study area is  independent from any in te rp re ta t io ns  o f th e i r  
regional tec ton ic  context. Furthermore, the conclusions drawn do not 
d ia gno s t ica l ly  ind ica te  a sp e c if ic  tec ton ic  se tt ing  nor are they of 
inherent value in demonstrating or re fu t in g  the existence of p a r t icu ­
la r  environments and processes in the early  Proterozoic. Nevertheless, 
they are o f relevance in placing some constra in ts on ex is t ing  and 
conceivable hypotheses concerning the tecton ic  development o f Finland. 
A ll  modern models (Hietanen 1975, Berthe!son 1980, Campbell 1980,
Gaâl 1982a, Edelman and Jaanus-Jârkkâlâ 1983, Park and others 1984) 
e x p l ic i t l y  invoke p la te - te c to n ic  processes, including both the Wilson 
cycle and la te ra l  fo re -a rc  accretion as presently understood, so tha t 
th is  un ifo rm ita r ian  app lica tion  o f the p la te -te c ton ic  hypothesis w i l l  
be examined f i r s t .  Then fo llows a consideration o f a lte rna t ives  or 
m od if ica tions , which can be viewed as complementary, ra ther than 
simply antagonistic  to  p la te - te c to n ic  concepts.

2.1 UNIFORMITARIAN PLATE TECTONIC HYPOTHESES

2.1.1 Cord il le ran paradigm

P la te -tec ton ic  hypotheses have been based on both petrogenetic 
and struc tu ra l/geom etr ica l analogies w ith extant or Phanerozoic mobile 
zones. Hietanen (1975) f i r s t  drew a tten tion  to p a ra l le ls  between the 
evolution o f magmatism in the Sierra Nevada and the Svecofennian of 
south-west Finland and accordingly suggested tha t the la t t e r  sequence 
formed in an is land arc,separated from the Karelian craton by an 
in te r-a rc  or back-arc basin. Such an in te rp re ta t io n  is  log ica l and 
consistent w ith the ava ilab le  data but does not in i t s e l f  demonstrate 
the existence o f e ith e r  is land arcs or subduction beneath the Archaean 
craton. That is ,  the conclusions are based on temporal, ra ther than
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coeval spatia l re la t io n sh ip s , whereas such magmatic evolution might 
conceivably be the ine v itab le  re s u lt  o f various d i f fe re n t  processes.
So fa r ,  the only other pe trogene tica lly  based deductions are those 
o f Makela (1980) who attempted to c la s s i fy  Finnish ore deposits in 
terms o f marginal basin and volcanic arc environments.

Subsequent hypotheses have elaborated upon Hietanen's (1975) 
model, progressively in troducing concepts such as accretion o f 
several arcs and migration o f subduction zones (Berthelson 1980), 
and in teg ra ting  models w ith Finnish s tra tig raphy to a greater degree 
(Gaâl 1982a, Edelman and Jaanus-Jârkkâlâ 1983). Park and others (1984) 
have also accepted the North American Cord il le ran analogue with 
additiona l emphasis on oblique c o l l is io n  and transcurrent d isp lace­
ment along the craton margin, post-dating northwards subduction.
This la t t e r  is  in fe rre d  from a supposed southward younging o f 'arc 
te r ra n e s ';  comparison o f the l im ite d  published iso top ic  data in 
s tru c tu ra l context (see Gaâl and Rauhamâki 1971, Hopgood and others 
1983, Korsman and others 1984) does suggest, however, the same order 
o f va r ia t io n  along these arcuate zones as across them, so tha t such 
a proposal should be examined only a f te r  a more rigorous analysis of 
p rec ise ly  constrained re s u lts .  I t  is  also imperative to estab lish 
p o la r i ty  o f proposed volcanic arcs by recognition o f fo re -a rc  
s tra tig raphy and post-arc sequences in the manner of Dickinson and 
Seely (1979) or Crook and Feary (1982), rather than merely to note 
the presence of l i th o lo g ie s  s im i la r  to those in contemporary arc 
environments.

The Cord ille ran paradigm nevertheless remains a log ica l and 
a t t ra c t iv e  one although i t  should be noted tha t subduction o f the 
P ac if ic  p late was o r ig in a l ly  nearly perpendicular to the continental 
margin, and the Mesozoic volcanic arcs developed on continental crust 
(Hietanen 1975, Dickinson 1981). In con trast, the Karelian craton 
does not contain gran ito ids coeval with the subduction postulated 
by Park and others (1984), although some evidence fo r  th is  may be 
present in northern Sweden (Skidid 1979a,b). On the other hand, using
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the Cord ille ran paradigm, the Gulf o f C a li fo rn ia  may provide a very 
r e a l i s t i c  contemporary analogue fo r  the o r ig in  o f the Hoytiainen 
province, invo lv ing l im ite d  r i f t i n g  and volcanism at the craton 
margin.

2 .1 .Ü  Austra lia  - Banda arc paradigm

At the r is k  o f in troducing another model too prematurely, 
Cainozoic tecton ic  development north o f Austra lia  is  advocated here 
as an a lte rn a t ive  - though not necessarily competetive - paradigm.
This region in fa c t  provides one o f the only contemporary examples 
o f is land arc - continental craton c o l l i s io n ,  although analysis is  
complicated by the marked curvature o f the subduction zone around 
the Banda arc , and transcurrent deformation along the leading edge of 
the Austra lia  craton between I r ia n  Jaya and the Coral Sea (Chamalaun 
and Grady 1978, O i l ie r  1981). However, these three essential 
elements - continent-arc c o l l i s io n ,  c u rv i l in e a r  subduction zones 
and transcurrent deformation - can be adapted to the proposed Finnish 
s i tu a t io n ,  a f te r  due consideration of sp e c if ic  features such as 
tec ton ic  transport d irec tions  and fa u l t  displacements, re su lt in g  in 
the re la tionsh ips depicted in Figure 45. Based on these re la t io n ­
ships, the fo llow ing tec ton ic  development can be envisaged under a 
compressive stress regime d irected between N-S and NNW-SSE.

( i )  En echelon s t r i k e - s l ip  basins develop w ith in  the Karelian 
craton as compressive stresses are accommodated along reactivated 
Archaean lineaments trending roughly NW-SE and N-S. Anastomozing o f 
NW-SE trending shears also causes a lte rna te  zones of u p l i f t  and 
subsidence (Ballance and Reading 1980, Katz 1976) and increasing 
tension promotes in trus ion  and extrusion o f mafic igneous rocks.
More s p e c i f ic a l ly ,  th is  extension w ith in  the Karelian craton is  
taken to post-date the main phase of Ja tu lian  orthoquartz ite  

deposition, and accounts fo r  the in tra c ra to n ic  s i tu a t io n  and base­

ment or Ja tu lian  provenance o f d e tr i tu s  w ith in  the Hoytiainen province, 
as well as igneous complexes such as a t Tohmajarvi. The lo n g e t iv i ty
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o f these basins is not yet determined but the oldest Ja tu lian  meta­
basites ind ica te i n i t i a t io n  a f te r  about 2.13 Ga while the oldest 
syn-tectonic in trus ions suggest destruction before about 1.92 Ga.

( i i )  At th is  stage, instead o f a l l  compressive stress being 
resolved along NW-SE and NE-SW conjugate shears, l im ite d  subduction 
towards the south or south-west takes place. I f  the northwards sub­
duction of the Svionian arc (Hietanen 1975) is  also accepted, as i t  
is  by Gaâl (1982b), Edelman and Jaanus-Jârkkâlâ (1983) and Park and 
others (1984), then the re su ltan t configuration would have resembled 
a m irro r image o f A u s tra l ia ,  Timor and the Banda arc during the 
Pliocene (Chamalaun and Grady 1978). Such re la tionsh ips could account 
fo r  some of the d is t in c t iv e  l i th o lo g ie s  along the Bothnia-Ladoga zone, 
inc lud ing bimodal volcanism (Gaâl and Rauhamâki 1971, Nykânen 1975, 
Helovuori 1979, Huhtala 1979) and also explain the almost .coeval 
iso top ic  ages between these and s im i la r  early  in tru s iv e  rocks in 
south-west Finland (Simonen 1980, Hopgood and others 1983, Korsman 
and others 1984, Huhma 1985).

Observations from the study area are re levant to discussion of 
l im ite d  subduction along the craton margin in tha t a Svecofennian 
volcanic arc source has been postulated fo r  the Kalevian deposits 
o f eastern Finland, including the metasediments o f the Savo and 
Hbytiâinen provinces (Laajoki 1984, Park and others 1984). Petro- 
graphical and l im ite d  iso top ic  resu lts  show, however, tha t the Hbyti­
âinen province deposits derived from adjacent basement and Ja tu lian  
d e t r i tu s ,  and a s im ila r  provenance is  indicated fo r  a t least part of 
the Savo province (see Section 5). I t  is  thus possible tha t the Savo 
province metapsammites represent deposition on a passive cra ton ic  
margin/with the Outokumpu assemblage representing the more d is ta l 
basin f lo o r ,  including a substantia l component o f mantle-derived 
igneous m ateria l. Hence, i t  also fo llows tha t the Savo province need 
not correspond to a prograding fo re -a rc  or post-arc sequence, and 
therefore tha t the Kalevian metasediments in general cannot be used 
to unequivocally in fe r  arc p o la r i ty  or subduction d ire c t io n .
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Deformation o f these deposits may however provide some evidence in 
th is  regard, and is  considered as the next stage in the development 
o f the orogen.

( i i i )  Along the Bothnia-Ladoga zone the major phase o f igneous 
a c t iv i t y  culminated w ith in trus ion  o f gran ito ids and mafic plutons during 
the development o f s tructures (Gaâl and Rauhamaki 1971, Gaâl 1972, 
Halden 1982). This magmatism was probably in i t ia te d  ju s t  p r io r  to 
Svecokarelian deformational h is to ry  since gneisses in te rpre ted as the 
deformed r e l ic t s  o f p re -tec ton ic  g ran ito ids  (Ward 1984) have U-Pb 
zircon ages of 1.91 - 1.93 Ga, s im i la r  to those o f associated fe ls ic  
volcanic rocks (Helovuori 1979, Korsman and others 1984). On th is  
basis, igneous a c t iv i t y  began during abortive subduction o f the 
Karelian craton, and continued while the b a s in - f i l l  now represented 
by the Savo province was th ru s t  along a N or NNW vector onto the 
craton, as ind icated by deductions o f tecton ic  t ra n s la t io n  d ire c t ion  
fo r  F2  and Fg in the study area. The mechanism fo r  th is  th rus ting  may 
have been e ith e r  continued in te n s i f ie d  compression against the craton 
or g rav ita t io na l u p l i f t ,  due to the buoyancy of the buried craton 
margin, or a combination of both these processes. This c lose ly 
pa ra l le ls  the response o f the Austra lian continental margin during 
Pliocene c o l l is io n  with the Banda arc north o f Timor, including 
regional metamorphism of the she lf sequence during deformation 
(Chamalaun and Grady 1978, Berry and Grady 1981).

In add it ion , th is  in te rp re ta t io n  is  e n t i re ly  consistent with 
the evidence fo r  a diachronous onset o f deformation across the study 
area. That i s ,  the absence o f D>j s truc tu res , and less pervasive nature 
o f Dg structures in the Hoytiainen province is  compatible with 
th rus ting  propagating from the south and progressively migrating 
northwards toward the craton.

Regional metamorphism o f the Savo province and underlying base­

ment can be explained by buria l beneath the accretionary prism of 
the volcanic arc (Figure 45). An a lte rn a t ive  in te rp re ta t io n  o f the
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Outokumpu assemblage as the allochthonous o p h io l i te  substrate to 
a prograding fore-arc, sequence represented by the Savo province 
metapsammites also seems tenable, except tha t another mechanism fo r  
bu ria l and metamorphism is required and furthermore, no counterpart 
to subduction complex l i th o g ie s  e x is t  beneath the allochthonous 
Outokumpu assemblage, which is  a t variance with the fo re -a rc  
s tra tig raphy accepted by Dickinson and Seely (1979) and Crook and 
Feary (1982). Farther south, in the Haukivesi area (Map 1), the 
Savonlinna conglomerate and Rantasalmi m eta tu rb id ites (Gaâl and 
Rauhamaki 1971, Korsman 1977) might represent younger post-arc 
deposits, or else part o f the accretionary prism of the Svionian 
arc (Figure 45). Of in te re s t  in th is  regard is  tha t on the basis o f . 
fo ld  asymmetry and stre tch ing l in e a t io n s ,  Gaâl and Rauhamaki (1971) 
proposed southwards th ru s t in g ; i f  th is  can be v e r i f ie d  in re la t io n  
to depositional and s tra t ig ra p h ica l younging c r i t e r i a ,  then the 
reconstruction by Gaâl (1982a, f ig u re  2) becomes a r e a l i s t i c  one.

( i v ) .  This represents the la s t  major stage of development, and 
coincided w ith Group 4 and Group 5 structures in the study area.
These have already been in te rpre ted as products o f increased v e r t ic a l  
stresses due to thermal and g ra v ita t io n a l in s ta b i l i t y  driven by 
abundant magmatism and buoyancy of the buried cra ton ic  margin (see 
sections 6.4 and 6.6 in s tru c tu ra l s tud ies). This also has an 
analogue in the Austra lia  - Banda arc c o l l is io n  in tha t p o s t-c o l l is io n  
deformation on Timor has been dominated by v e r t ic a l u p l i f t  due to the 
buoyancy o f Austra lian continental crust although th is  has evident­
ly  been in s u f f ic ie n t  to unroof any syn-tectonic p lu ton ic  rocks 
(Chamalaun and Grady 1978).
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2.2 ALTERNATIVE HYPOTHESES

Both the Cord il le ran and Austra lia  - Banda arc paradigms con­
sidered above can be c r i t i c iz e d  fo r  being premature and pre-empting 
a be tte r understanding o f regional Finnish geology, as well as fo r  
t a c i t l y  invoking un ifo rm ita r ian  p la te tec ton ic  mechanism. Although 
some resu lts  seem to favour s im ila r  operation of the Wilson cycle 
and fore-arc accretion during the early  Proterozoic (Taylor 1979, 
Hoffman and Bowring 1983, Barbey and others 1984), other workers 
are more guarded, in suggesting tha t d ifferences existed in physical 
properties o f the Precambrian lithosphere (see Glikson 1981).

For instance, in ascrib ing present-day subduction to the 
negative buoyancy o f oceanic c ru s t ,  Hargreaves (1981) considers tha t 
such buoyancy was in h ib ite d  by higher heat flow in the Archaean and 
early  Proterozoic and concludes tha t subduction and la te ra l accretion 
were not at tha t time, the major processes leading to continental 
growth. However, smaller convective c e l ls  in the mantle, and lower 
v isco s ity  are envisaged as having increased the viscous drag a t the 
base o f the c ru s t,  promoting underplating, sinking and v e r t ic a l 
recyc ling of the c ru s t ,  inc lud ing down-buckling a t the margins o f 
continental c rus t. Such v e r t ic a l  recyc ling is  consistent w ith palaeo- 
magnetic evidence fo r  minimal mutual displacement between Archaean 
cratons during the early  Proterozoic and also petrogenetic and 
iso top ic  evidence suggesting g ran ito id  deriva tion  by recycling from 
sources w ith low i n i t i a l  ^^Sr/^^Sr (see Glikson 1981).

Because o f the large size o f oceanic plates on the present-day 
earth i t  is  d i f f i c u l t  to f in d  any extant example of v e r t ic a l re ­
cycling and evolution of oceanic c ru s t.  - Iceland is  perhaps the 
c losest contemporary analogue. I f  spreading rates are conducive to 
maintainance of high heat flow and continued v e r t ic a l  add ition o f 
magma, p a r t ia l-m e lt in g  o f the most deeply buried, o ldest MORB-type 
rocks may be envisaged, producing p lag iogran ito id  or tonal i t i c  magmas 
I f  the process is permitted to continue, the evo lution of successive
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pa rt ia l-m e lts  ( inc lud ing de riva tion  from volcanogenic sediments?) 
might u lt im a te ly  re s u lt  in K-enriched magmas, thus corresponding to 
the petrogenetic sequence described by Hietanen (1975) fo r  the 
Svecofennides. Prelim inary Nd-Sm data (H. Huhma spoken comm.) at 
least do not con trad ic t such a proposal in tha t both Svecofennian 
metasediments and syn-tectonic g ran ito ids  have s im ila r  iso top ic  
c h a ra c te r is t ic s ,  suggesting tha t in each case they derived from a 
s im ila r  p r im it iv e ,  though somewhat depleted mantle source.



FIGURE 45 : REGIONAL TECTONIC PROPOSALS

a Major tec ton ic  features o f the central and eastern B a lt ic  sh ie ld , 
accepting a t least l im ite d  operation o f p la te - te c ton ic  processes. 
Oblique convergence of Proterozoic crust from the south with 
Archaean continental c rust from the north both in i t ia te d  en 
echelon cratonic margin basins and caused th e i r  subsequent de­
s truc tion  and deformation during the Svecokarelian orogeny. The 
onset o f deformation may be linked to attempted and abortive sub­
duction o f  the Karelian craton towards the south-east, combined 
with northwards consumption o f Proterozoic oceanic c rus t. Such a 
markedly curved subduction zone trace , with concomitant trans­
current shear and en echelon basins resembles the la te  Neogene 
c o l l is io n  of the Australia-Papua New Guinea continent w ith  the 
Banda Arc.

b Possible accommodation o f major 1ith o s tra t ig ra p h ic a l un its  o f 
eastern Finland to such a plate tec ton ic  scenario. As yet however, 
in s u f f ic ie n t  evidence ex is ts  fo r  con fiden tly  deducing arc p o la r i ty ,  
sedimentary provenance or even the existence o f a subduction 
complex.
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APPENDIX: INDEX OF LOCALITY NAMES

Names o f 1:20 000 map sheets are underlined, 1:100 000 sheets in  upper case,

LOCALITY

E rkk ila
Haapajarvi
Hammaslahti mine
Hammaslahti township
Haukivesi
Heinavaara
Helsinki
Hypdnniemi
Hameenlahti
Hoytiainen
Joensuu
Kaavi
Kakkari
Kal1io ja rv i
Kankaala
Karhunsaari
Karvanurmi
Kerimaki
Kettamd
Kettamdnniemi
Ki ih te lysvaara
Kilpelankangas
Koli
Kon tio lah ti
Ko 5 ta mo
Kukkupaa

Kumpu
Ladoga
Lentosarkka
Li peri

MAP 1 REFERENCE MAP 2 REFERENCE

KIIHTELYSVAARA 01 
JOENSUU 10
SAVONLINNA 06
KIIHTELYSVAARA 03

RAAKKYLA
RKAKKYLA
KONTIOLAHTI
JOENSUU
KAAVI

03
06
08
09
01

KIIHTELYSVAARA 02

JOENSUU

KERIMAKI
JOENSUU

04

02
10

KIIHTELYSVAARA 05

KOLI 12
KONTIOLAHTI 11

JOENSUU
LADOGA

JOENSUU

11

02

N iit ty la h t i  
Rauansalo 
Pyhaselka

Varpasalo
Oravisalo

Pyhaselka 
Pyhaselka

95.30
01.28
97.24

Heinavaara 08.39

68.19
76.15

Heinavaara 03.32

Tutjunniemi 73.25

94.26
95.25

Ki ihtelysvaara 13.32

Onkamo 01.17
Ni i t t y la h t i  95.34 

N i i t ty la h t i  98.37

OTHER

Map 3 
Map 3

Figure 1 

Figure 2

Figure 2

Figure 2

Map 3

Map 3 
Map 3

Map 3

Map 3
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MAP 1 REFERENCE MAP 2 REFERENCE OTHER

Mulo
Mulonsalo
Nieminen
Niinikkosaari
Ni ittylahdenrantatie
Ni it ty la h t i
Niva
Nivansalo
Onkamo
Oravisalo 
Oravisalo 
Oravisalo 
Orivesi 
Outokumpu 
Petajikkokallio 
Pitkanurmi 
Puhos 
Pyhaselka 
Rasivaara 
Rauansalo 
Reijola 
Raakkyla 
Sal onkyla 
Sammallahti 
Savo 
Sotkamo 
Suhmura 
Suvasvesi 
Sarkilampi 
Tikkala 
Tohmajarvi 
Ukonlahti 
Vannila 
Varpasalo 
Vi es imp 
V iin ija rv i 
Vartsila

quarry 
post o ffice

JOENSUU

RAAKKYLA
JOENSUU

JOENSUU
JOENSUU

TOHMAJARVI
RAAKKYLA

RAAKKYLA
OUTOKUMPU

08

09 
04

11
10

03
06

03
07

KERIMAKI 12
JOENSUU 08
RAAKKYLA 08
KIIHTELYSVAARA 01 
JOENSUU 11
RAAKKYLA 09
JOENSUU 10
JOENSUU 10

KONTIOLAHTI 04
JOENSUU 11
HEINAVESI 02
KIIHTELYSVAARA 04 
TOHMAJARVI 03
TOHMAJARVI 05
RAAKKYLA 06

RAAKKYLA

KONTIOLAHTI
TOHMAJARVI

03

01

10

N iitty la h ti 
Ni it ty la h t i 
R2akkyla 
Tutjunniemi 
N iitty la h ti 
N iitty la h ti 
Pyhaselka 
Pyhaselka 
Onkamo 
Oravisalo

Rasivaara
Rauansalo
N iitty la h ti
Raakkyla

Pyhaselka

Viesimo
Onkamo
Tohmajarvi
Oravi salo
Oravisalo
Varpasalo
Viesimo

90.36
95.37 
86.26 
70.28 
91.31 
93.36 
93.24 
90.20
03.15
75.15

86.07 
05.23 
91.38 
81.14

91.20

Niit ty la h t i 94.30

17.24
04.17 
18.02
73.18 
75.17 
68.12 

18.12

Map 3

Map 3

Figure 2 
Figure 2 
Figure 2

Map 3 
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