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The intrusions studied represent magma that for the most part intruded as 

broadly concordant, sill-like bodies within a predominantly metapelitic sequence 

derived from turbidites. In spite of subsequent deformation and metamorphism, 
the age of which constrains the timing of intrusion to around 1.9 Ga, it is thus 
apparent that the intrusions originally had horizontal or nearly hori zontal orien­

tations. 
The parent magma to the intrusions was tholeiitic, with MgO abundances of 

8 - II w-% and an A1
2
0 / Ti0

2 
ratio of around 10. Considerable variations in CaO/ 

AI
2
0 , exist between intrusions due to variable degrees of contamination by 

crustal material. Olivine was the earliest and dominant cumulus mineral in all 
peridotite intrusions, followed by clinopyroxene in magmas relatively richer in 
CaO, or orthopyroxene and plagioclase in those magmas that were CaO-poor. On 

the basis oftheir respective mineralogy, the peridotites are accordingly classified 
as either wehrlites or Iherzolites . 

Some of the intrusions record a two-stage history , with crystallization 
having taken place initially within temporary magma chambers or flow con­
duits deeper in the crust prior to final emplacement into their present environ­

ments . Many of the intrusions contain a Ni-Cu occurrence, which is invariably 
situated within the stratigraphically basal most parts of the intrusions. Separa­
tion of sulfide melt was presumably promoted by a combination of falling 
temperature and contamination. Evidence for contamination includes elevated 
LREE and Zr abundances and relati vely 10WE

N
.( 1.88Ga) values between OA±0.3 

and 2A±OA. The mass ratio of silicate melt to sulfide melt (log R) varied from 
2.29 - 2.97 with D~i"; ' ranging from 243 - 530. Ore compositions are in many 
cases strongly influenced by whole-rock chemistry ofthe host intrusions, indicat­
ing that ore formation has occurred in situ . 

The Ni contents of magmatic olivine with Fo contents ranging from 66.12-
84 .78 m- % tend to be lower in mineralized intrusions than in barren intrusions. 
Other potential indicators of mineralization are Cu in olivine, Ni and Cu in 
orthopyroxene, Ni in chrome spinei , and whole-rock Ni abundances . 

The Ni-Cu occurrences of the Juva district closely resemble other Svecofen­
nian occurrences in Finland in terms of both overall composition and mode of 
occurrence. Most of the presently known occurrences in the Juva district are 
rather smalI , which is principally a function ofthe generally small sizes ofthe host 
intrusions themselves. 
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INTROD UCTION 

Extensive mafic to ultramafic magmatism 
of age 1.9 Ga has been documented from many 
countries and is of particular interest because 
of its relationship to a number of major nickel 

provinces. In Finland the Kotalahti and Vam­
mala nickel belts are the most important and 
best known representatives of such magmatic 

and ore-forming processes and have therefore 
accordingly been the traditional focus of ex­
ploration activity. The presence of certain 
geological features , including relatively high 

grade of metamorphism , with an abundance of 
schollen migmatites developed from pelitic 
sedimentary protoliths have long been regard­
ed as enhancing the potential for intrusive­

related nickel deposits. There are a number of 
areas of comparable metamorphic grade and 
composition elsewhere in the Svecofennian of 
Finland whose nickel potential has not been 

adequately assessed , one of the se being the 

Juva district, which has been the subject of 
this study. 

Location of stud y area and review of previous investigations 

The study area is situated within the south­
ern part of the Savo region , centered on the 
rural municipality of Juva but extending into 
the surrounding districts of Anttola , Hauki­
vuori, Virtasalmi , Joroinen, Rantasalmi and 
Sulkava; for brevity the region will be re­
ferred to as the Juva district throughout this 
study. 

Most of the study area lies within the bor­

ders of the Mikkeli 1 :400000 geological map 
(Sheet C2), published together with compre­

hensive explanatory notes by the then Geolog­
ical Commission of Finland (Frosteru s 1900, 
1903) , although the eastern part of the region 

extends into the area covered by the adjoining 
Savonlinna 1:400 000 map (S heet D2 , Hack­
man and Berghell , 1931 ; Hackman, 1933). 
The results of more recent mapping of the 
region at a scale of 1: 100 000 ha ve been pub­
li shed steadily since the 1960's , including the 
map sheets 3144-Sulkava (Lehijärvi, 1966) 
and 3142-Mikkeli (Simonen and Niemelä, 

1980) . Explanatory notes have been published 
for these two sheets (Korsman and Lehijärvi , 
1973 ; Simonen , 1982), but are not yet avail­

able for the 3233-Rantasalmi (Korsman , 
1973) 01' 3231-Haukivuori sheets (Pekkarinen 
and Hyvärinen, 1984). 

Exploration activity in the Juva district 
commenced during the 1960's , when amateur 

prospectors discovered a number of sampIes 
containing Cu and Ni mineralization. This led 
to the discovery in 1964 and subsequent ex­
ploitation of the Virtasalmi copper deposit 
(Hyvärinen, 1969). Mining operations at Vir­
tasalmi lasted from 1966 to 1983 , while the 
small Kitula nickel deposit , near Puumala , 
which was originally discovered in 1951 
(Marmo and Hyvärinen, 1951 ; Marmo, 1954; 
Hyvärinen , 1967 ), was mined out during 
1970. The finding of numerous mineralized 
glacial erratics and bedrock showings since 
then has ensured continuing interest in the 
potential of the region (Makkonen and Ek-



6 Geological Survey of Finland, Bulletin 386 
Hannu V. Makkonen 

dahl , 1988; Kontonierni, J 989) , with the Geo­
logical Survey of Finland and Outokumpu Ex­
ploration conducting most of the exploration 
activity. 

The metamorphic history of the Juva dis­
trict and surrounding regions has been the 
subject of intense study , and comprehensive 
results of metamorphic studies and their im­
plications for bedrock evolution have been 
published by Korsman (1977), Korsman et 

al.( 1984) , Gupta and Johannes (1986), Kors­
man and Kilpeläinen (1986), Korsman et al. 
(1988), Kilpeläinen (1988) and Vaasjoki and 
Sakko (1988). Investigations into the origin of 
volcanic rocks in the Juva region were also 
carried out by the Geological Survey of Fin­
land during the 1980's (Kousa, 1985; Viluk­
sela, 1988). Some of the peridotitic rocks oc­
curring in the region also formed the subject 
of a master ' s thesis (Pietikäinen , 1986). 

Objectives and scope of the present study 

The present study deals with the mafic and 
ultramafic rock units in the Juva district, to­
gether with related nickel and copper miner­
alization . Most of these occurrences have 
been found during exploration in the 1980's 
and very little published information is avail ­
able. In addition to documentation, a major 
objective of the present study has been to 
determine the compositions and crystalliza­
tion histories of the silicate melts and their 
bearing upon mineralization. 

Because not all intrusions are mineralized, 

a further goal of the study has been to develop 
practical ways of using geochemistry to dis­
criminate between barren and fertile intru­
sions , with emphasis being placed on criteria 
directly applicable in mineral exploration. 
The characteristics of Ni-Cu mineralization in 
the Juva district will also be compared with 
the two main Svecofennian Ni-Cu provinces 
in Finland, namely the Kotalahti nickel belt to 
the east, and the Vammala nickel belt to the 
west (Fig. I). 

Sampie material and analytical methods 

The material sampled has been collected 
during the course of ongoing exploration car­
ried out in the region by the Geological Sur­
vey of Fi n land and for this reason dri lI core 
material is available for many of the targets . 
In other cases, sampling has been carried out 
with portable drilling equipment, or directly 
from fresh outcrops. Whole rock chemical 
analyses have been performed on sampies 
from the diamond drill cores , or from sam pies 
obtained using the portable drill; in the latter 
case the upper 5 cm was always removed prior 
to sampie preparation, in order to avoid any 
possible weathering or leaching effects. Sam­
pIes were also taken for the purpose of prepar­
ing thin sections. 

Where drill holes penetrated entire mafic 
and ultramafic units, sam pies were systemat-

ically analyzed so as to adequately represent 
the range of lithological variation present , and 
at intervals of 15-20 m in cases where lithol­
ogy was more homogeneous. Similar criteria 
were applied to sampling in outcrop where 
possible . 

A total of 327 whole rock analyses were 
made during the years 1982-1994. In addition 
to major elements, Cu, Ni, Zn, Cr and S were 
analyzed from all sampies, along with a var­
iable number of other trace elements. The 
results of some 1700 analyses from split me­
ter-Iong intervals of mineralized drill core 
from various exploration targets were also 
made available . These all include data for Cu, 
Ni, Co and S, and in most cases Cr and Zn, 
while each target was analyzed in at least one 
place for Pd and Au; Pt was also analyzed 
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1\\\\1 Archean greenstone belts 
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o 
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t 
100 km 

Fig. I. Location of the study area on the geo logical map of Finland (outlined by rectangle). The map is modified after Simonen 
( 1980) and Gorbunov and Papunen ( 1985) , with the Kotalahti nickel belt after Gaal ( 1972) and Vammala nickel belt after Mäkinen 
(1987). 

from se lected intervals at each targe t and in 
o ne case PGE were analyzed more comprehen­
sively. 

The compositio ns of si li cate minera ls were 
determined quantitatively by e lectro n micro­
probe studies of polished thin sections, with 
o n ave rage three grai ns of eac h mineral per 
thin sec ti on bein g analyzed . Olivine was ana­
lyzed whenever present but pyroxe ne was 

ana ly zed only from selected sa mpi es. During 
the earliest investi gations , at the beginning of 
the 1980's, olivine was o nl y routinely ana­
lyzed for Fe a nd Ni , but sub seque ntl y a ll 
major co mponents were analyzed , a long with 
Ni , Co and Cu . 

In additi o n to the above mention ed ana lyt­
ical data, the prese nt study has made use of a 
total of 93 whole rock chemical ana lyses and 
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74 microprobe analyses obtained from a 
number of publications and unpublished mas­
ter's theses . In addition, results from a study 
of the Venetekemä intrusion near Pieksämäki 
(Mänttäri , 1988) have also been utilized. 

All chemical analyses have been carried out 
at the chemical laboratory of the Geological 
Survey of Finland. Wh oie rock XRF analyses 
have been done on both fused beads and 
pressed powder pellets; Cu , Ni , Co and Zn 
were principally analyzed by FAAS (with 
aqua regia leaching) , although some were 
done by a variety of methods including OES , 
XRF and S by sulfur analyzer. Gold and pal ­
ladium were analyzed using GAAS (aqua re­
gia leaching) and Au+Pt+Pd together by fire 
assay in combination with optical emission 
spectrometry , while REE and PGE were ana­
Iyzed by ICP-MS (PGE nickel sulfide fire 
assay preconcentration). 

Si licate microprobe analyses have been done 
on a JEOL Superprobe 733 and more recently 
on a Cameca Camebax SX 50 electron micro­
probe operated by the Department of Mineral 
Resources at the Geological Survey of Finland. 
Acceleration potential varied from 25-30 kV 
with a current strength of SOor 100 nA . Sys­
tematic shifts in Ni abundances of silicates 
were observed between sam pies from different 
analytical runs at the beginning of the 1980 ' s 
and for this reason, reference sam pies from 
each locality were reanalyzed in order to allow 
calculation of correction factors and facilitate 
comparison of the results. Reference material 
also included three sampies that had previously 
been analyzed by the Outokumpu Ltd. labora­
tories in 1981 ; results were generally found to 
correlate weil with one another although the Ni 
abundances of olivine tended to be somewhat 
lower in the Geological Survey analy es with 
a factor of 0 .905. 

Because peridotitic sampIes may contain an 
abundance of serpentine minerals, total ele­
ment-oxide sums are commonly as low as 90 
w- %, and in one case a total water content of 
7.6 w- % was recorded. Therefore, in order 

that the chemical data might correspond better 
to the compositions of the protolith s prior to 
serpentinization , they have been recalculated 
on a volatile-free basis by normalization to a 
total sum of 100%, such that SiOz + TiOz + 
Al 20 3 + FeO tota , + MnO + MgO + CaO + Na

2
0 

+ Kp + P20 S = 100. 
Some sam pies contain significant amounts 

of sulfur , so that it is necessary to consider 
that considerable amounts of Fe will be bound 
in sulfides rather than with oxygen in silicate 
minerals. Accordingly , Fe in sulfides is sys­
tematically subtracted from the total using the 
formula: 

FeO % = FeO tota, % - 1.524*S %, assuming 
that pyrrhotite is the iron sulfide phase. 

The results of olivine and pyroxene analy­
ses have been evaluated after being recalcu­
lated according to the following procedure. 
Mean compositions were obtained by averag­
ing the results from at least three grains from 
each thin section, with analyses being made as 
close as possible to center of each grain. 
Laboratory procedures in the early 1980's 
were such that Fe was the only major element 
routinely analyzed in olivine and pyroxene 
and therefore i t has been necessary to i nfer 
olivine forsterite contents and pyroxene en st­
atite contents on the basis of respective iron 
abundances. 

Assuming that forsterite + fayalite = 100, 
the following calculations are made : 

Fo(m- %) 
l 0000-1 82.4427Fe(w-%) 

100-0.5648Fe(w- %) 

or when converted to oxide form: 

Fo(m- %) = 
10000- 141.8127FeO(w-%) 

I 00-0.4390FeO(w-% ) 

Likewise, in the case of pyroxene, enstatite 
+ ferrosilite = 100 and hence: 
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En(m- %) 
I 0000-236.2368Fe(w- %) 

100-0.5648Fe(w- %) 

or when eonverted to oxide form: 

En(m- %) 
I 0000-183.6269FeO(w- %) 

I 00-0.4390FeO(w- %) 

The va lidity of these formulae has been 
eva lu ated by eomparing ea leulated Fo and En 

85 

FO eBI 

80 

15 

10 

' . . ' 

65~~~~~~~~~~~~-r~~, 
65 10 15 80 85 

Fo 

eompositions against aetua l Fe and Mg meas­
urements from seleeted olivine and pyroxene 
sampies, and results of the eompari son are 

shown in Figure 2. It is apparent from this that 
diserepaneies are very small , and beeome sig­
nifiean t on ly at low En eompositions. For the 
purposes of this study however , sampIes wit h 

low ea leulated En eon tent s have not been 

used. 

90 

EneBI 

80 

10 

60 

50 

'\0 50 60 10 80 90 

En 

Fig. 2. En and Fo contents (m-%) calculated on the basi s of Fe abundances (En", and Fo" ,) compared to those calculated on the basis 
of both Fe and Mg contents (En and Fo). 

REGIONAL GEOLOGICAL SETTING 

The supraerusta l roeks of the Juva region 
fa ll within the broadly defined Sveeofennian 
Supergroup of Luukkonen and Lukkarinen 

( 1986), and lies partly within the so uth eastern 
part of the Raahe-Ladoga ore zone of Kahm a 
(1973). Aeeording to Gaal (1986 , 1990) and 
Ekdahl ( 1993 ), the Raahe-Ladoga zone repre ­
sents an early Proterozoie eollisional suture , 
in whieh ease the Juva region would lie within 
the former site of th e postulated subduetion 
zone . The Kolkonjärvi shear zone (Gaa l, 1972 ; 
Korsman et al. , 1984), the format ion of whieh 

was attributed to these proeesses by Gaal 
(1986) , passes through the eastern part of the 
Juva distriet (Figs. 3 and 4 ) . Aeeording to 
Piirainen (1987) , the 1.9 Ga Sveeofennian 
magmatism relates to rifting within an island 
are setting , in whieh volcanism gradual ly pro­
g ressed from initial felsie or bi modal volean­
ism to later mafie-dominated magmatism. In 
eontrast, Lah ti nen ( 1994) regarded the N i­
bearing intrusions in the Raahe-Ladoga zone 
as manifestations of within-plate magmatism 
post-dating are-eontinent eo lli sion. 
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Fig. 3. Sveeofennian Ni-Cu oeeurrenees in southeastern Finland (eirc1es . Puustinen et al. . 1995). Oceurrences with red circ1e are 
ineluded in the present study. The map is a shaded relief Bouguer anomaly map made by J .Lerssi using data from the Finnish 
Geodetic Institute. (for more information on the gravimetrie data see Elo. 1992) 

The so-called Kotalahti nickel belt (Gaal, 
1972) is clearly defined at a di stance of some 
15km to the northeast of the Kolkonj ärv i shear 
zone, whereas a number of gold occurrences 

have been documented in closer proximity to 
the shear zone (Kontoniemi and Makkonen, 
1991) . The Kotalahti nickel belt is imaged 
clearly as a positive feature on the regional 
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Bouguer anomaly map, whereas the gold­
bearing zone coincides with a regional nega­
tive anomaly. Thus, a major negative gravity 
anomaly is associated with the Kolkonjärvi 

shear zone and separates the Kotalahti nickel 
belt from nickel occurences of the luva-Piek­
sämäki region (Fig. 3). 

GEOLOGY OF THE JUVA DISTRICT 

Lithological descriptions 

The following generalized descriptions of 
the principal rock types in the luva district are 
based on both published references and obser­
vations made by the author during a number of 
field seasons throughout the 1980's. A more 
detailed review of lithologies can be found in 
Makkonen (1992). Although all rocks in the 
luva di strict , except for the youngest granite 
intrusions , have been metamorphosed, the 
prefix "meta-" will be omitted when referring 
to specific rock types throughout the text. A 
regional geological map of the luva area is 
presented in the appended map . 

Mica schists and mica gn eisses are the pre­
dominant rock types throughout the luva re­
gion. Their appearance and mineralogy vary 
greatly according to metamorphic grade; in 
the northern part of the area mica schists 
predominate and retain many of the primary 
sedimentary characteristic s of turbidites, in­
cluding grading, cross -bedding and slump 
structures (Gaal and Rauhamäki , 1971). Dis­
continuous intercalations of calc-silicate 
1 i thologies, someti mes contai ni ng scheeli te as 
weIl as carbonate, are also abundant within 
the turbiditic sequences but are genera ll y less 
than ten centimeters thick. Grap hite-rich pe­
litic intercalations are also common. 

With increasing metamorphie grade biotite 
becomes more obvious in pelitic lithologies 
and muscovite abundance decreases at the 
expense of andalusite and eventually K-feld­
spar , si llim anite , cordierite and garnet (Kil­
peläinen, 1988); sillimanite in particular can 
locally be very abundant. Progressive changes 
in the mineralogy of psammitic rocks lead to 

the development of quartz-feldspar schists 
and gneisses. The overall appearance of the 
pelitic rocks changes radically where granitic 
and granodioritic dykes and leucosomes are 
present, with migmatitic veined gneisses 10-
cally becoming totally disrupted and forming 
schollen migmatites and diktyonites. 

Some exceptional conglomeratic intercala­
tions displaying cross bedding have also been 
found within the mica gneisses south of 
Kolkonjärvi; individual beds are about a me­
ter thick and elasts are generally rounded with 
diameters less than 10 cm . Conglomerates 
containing elasts of igneous origin have also 
been found in the Hauki vuori area (Korsman 
et al., 1988). 

Marbles and other metamorphosed equiva­
lents of chemical sediments are characteristic 
in the transitional zone between sediment­
dominated mica gneisses and volcanic-domi­
nated sequences and are particularly abundant 
in the northern part of the study area , where 
they can form continuous horizons comprising 
compos ite units up to 200 m thick (Makkonen , 
1988). Pure carbonate horizons are however 
uncommon, skarn minerals and quartz-rich in­
tercalations being typically present. Calsic 
horizons have also been reported from the 
Mikkeli and Sulkava map sheet areas (Simo­
nen, 1982; Korsman , 1973 ) . 

Quartz-rich rocks are conspicuous within 
the Tutunen sequence (Pekkarinen , 1972), 
consisting principally of glassy quartz con­
taining only sporadic carbonates but locally 
abundant sulfides . On the basis of overall 
appearance and the nature of associated rock 
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types , namely carbonates and iron formations, 

these have been interpreted as eherts. Individ ­

ual layers may attain thieknesses of 10m and 

simi lar lith ologies have been reported from 

elsewhere within the same broad zone a long 

strike from Tutunen , as in the Pirilä area 

(Makkonen and Ekdahl , 1988). 

As noted above, iron formations are also 

loea ll y present within this eale-si li eate and 

ehert assoeiation. Oxide faeies formations 

seldom exeeed 5 m in thiekness and are rep­

resented by quartz-magnetite rocks that eom­

monly also eontain Fe-rieh metamorphie min­

era ls such as grunerite, diopside-hedenbergite 

and Fa-ol ivine. Iron formations that differ 

from the typieal oxide faeies units in having 

abundant garnet in addition to gruner ite, or 

eonsist essentially of quartz and grunerite are 
eonsidered to represent silicate faeies depos­

its. Sulfide faeies iron formations are well­

deve loped w i th i n the Tu tu nen seq uenee, 

where eompaet pyrrhotite-rieh layers up to 

several meters thiek oeeur in assoeiation with 

the eherty layers. The Tutunen and Pirilä ar­

eas in general eontain the best-developed iron 

formations in the region. 
Volcanogenic rocks are predominantly ma­

fie in eomposition and eomprise e longate 

zones intruded by granitoids. Hornblende­

bearing gneisses that are typieally homogene­

ous, though sometimes banded due to varia­

tions in grain size, have gene rall y been inter­

preted as intermediate voleanies. Primary 

depositional features are seldom seen beeause 
of intense foliation development and meta­

morphie reerystallization , although reliet ag­

g lomerat ie and porphyritie textures are spo­

radieally preserved. 

C lastie fragments wi thin eoarse vo leani­

elastie units are generally e lon gated, though 

st ill less then 10 em in maximum dimension 

and are typi ea ll y lighter in co lour than their 

matrix, eons isting mostly of hornbl ende a nd 
plagioelase. Plagioelase and ura liti e horn ­
blende after c linopyrox e ne are the most e har­

aeteristie phenoerysts in porphyritie volea no-

genie rocks and are usually le s than I em in 

size. The gro undmass eonsists of hornbl e nde, 

biotite , quartz and plagioelase. On the basis of 

all the above features , the intermediate rocks 

are regarded as having a predominantly pyro­

elastie origin. 

Mafie vo leanies are now represented by am­

phibolites , ineluding diopside amphibo lites. 

Reliet pillow struetures are sti ll diseernible in 

numerous plaees ( Korsman, 1973; Kousa, 

1985; Pietikäinen, 1986) and it is highly prob­

able that most, if not a ll of the amphibo lites 

and diopside amphibo lites in the Juva district 

were originally submarine lava flows. lntense 

deformation has progressively obliterated pil­

low morphologies in many places however, 

resulting in a heterogeneous banded appear­

anee. Even so, pillow struetures may still be 

reeognizable in highly deformed amphibolites 
when viewed perpendieular to the principal 

elonga ti on lineation (cf. Pietikäinen, 1986). 

Granoblastie quartz-feldspar gneisses are 

associated with the mafie volcanies and al­

though no primary features re lating to depo­

sitiona l processes have been reeognized, loeal 

banding may attest to or iginal bedding. With­
in the same general sequenee in the Kolkon­

järvi area felsie vo lcanic units are present and 

contain reliet primary fragmental features that 

allow them to be interpreted as lapilli tuffs in 

whieh elongated felsie elasts generally less 

than 5 cm in size oeeur within a felsic to 

intermediate matrix. 
Ultramafie voleanies and eoneordant s ill­

like intrusions are eommon ly assoeiated with 

the mafie amp hibo lites. They have previously 

been deseribed from the Rantasalmi area 

where they oecur as both mas s ive eoneorda nt 

units and discordant intrusions within the 

amphibol ite sequenees. Evidenee for an extru­

sive origin for th e eoncord ant units is provid­

ed by the oeeasional presenee of pillow strue­
tures and fragmental features , representing 

pyroclastie breccias and possibly also a uto­

brecciation processes (Kou sa, 1985) . 

Elongate granodiorite and quartz diorite 
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intrusions occur within the supracrustal 

rocks, often with broadly concordant con­

tacts , whereas ronalites tend to form more 

equidimensiona l domal , though sti ll concord­

ant structu res. The granodiorites and quartz 

diorites are typically foliated. Tonalitic intru­

sions are characteristic of the Kolkonjärvi 

area , where the largest discrete intrusions , the 

Tuu mäki and Osikonmäki plutons show mu­

tually similar chem ical and petrological fea­

tures (Kontoniemi and Ekdahl , 1990). 

Granites intrude all other rock types and 

exhibit considerable variations in grain size , 

with pegmatitic phases being rather common 

as ve in s and irregular e lon gate lenses. The 

finer gra in ed granites tend to form more co­

herent rounded intrusions in both the northern 

and southe rn parts of the district. The Luonte­

rivesi pluton is rather except iona l since it is of 

the same age as the granite intrusions even 

though it corresponds mineralogically to a 

granodiorite and quartz diorite (Korsman and 

Lehijärvi , 1973). None of these intrusions are 

foliated to any great extent. 

Stratigraphical relationships and considerations 

A number of different stratigraphical inter­

pretations have been presented for the region. 

According to Hyvärinen (1969) the lowermost 

rocks at Virtasalmi are mica gneisses with 

graphitic schist intercalations , overlain suc­

cessive ly by diopside- and quartz-feldspar 
gneisses including calc-silicate intervals. am­

phibolites , principally diopside amphibolites , 

and finally by more mica gneisses. A similar 

stratigraphical sequence was propo ed for the 

arila area by Pietikäinen (1986). Gaal and 
Rauhamäki (1971) concluded that in the 

H a ukivesi district pelitic lithologies were 

lowermost , followed by mafic volcanics. now 

diopside amphibolites , with turbidites being 

uppermosL According to Simonen (1982) the 

quartz-feldspar gneisses and diopside amphi­

bolite lie beneath the mica gneis es. 

The present interpretation of the strati­

graphica l sequence in the Juva district is out­
lined below. 

(youngest) 

ultramafic volcanics 

mafic volcanics (diopside amp hibo lites) 

fe lsic vo lcanics (quartz-feldspar gneisses) 
marbles , cherts, iron format ions 

mica gneisses and mica sc hi sts 
(o ldest) 

Consistent transitions throu g h seq ue nce 

have been mapped at a number of independent 

locations in throughout the district , of which 

the more important observations and relation­

ships include: 

I: According to observations by Kousa 

(1985) and the present author , subvolcanic 

ultramafic rocks that are cogenetic with ultra­

mafic lavas locally intrude the mafic volcan­
ics; 

2: The Rautjärvi ultramafic lava overlies 

mafic vo lcanics. 

Mafic intrusions were clearly emplaced into 

the mica gne isses. Fe lsic intrusive rock . are 

obviously younger than the supracrustal se­

quence since syntectonic granitoids intrude 

both mafic and metasedimentary units and 

granites have intruded all other rock types , 
including the earlier granitoids. 

A number of isotopic age determinations are 

available for rocks from the study area. Con­

ventional U-Pb multigrain zircon data from 

metasedim e nts in the mica schist area yie ld a 

discordant age fa llin g between 2.2 and 2 .3 Ga 

and nearer to 2.0 Ga within the garnet-cordier­

ite -biotite zone, while in the area of highest 

metamorphic grade within the so-cal led Sulka­

va thermal dome, ages are as young as 1810-

1833 Ma (Korsman et a l. , 1984; Vaasjoki a nd 

Sakko, 1988). That is, isotopic ages decrease 
with increasing metamorphic grade. Accord­

ing to Vaasjoki and Sakko ( 1988 ), detrital 
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zircons are probably ultimately derived from 
an Archean basement source even though 

much of the sediment could have been derived 
from younger rocks whose protoliths separat ­
ed from the mantle between 2. 10-1.91 Ga. 

A fe lsic volcanic unit from near loroinen has 

provided a zircon U-Pb age of 1906±4 Ma 
(Vaasjoki and Sakko, 1988). The U-Pb zircon 

age for the Tuusmäki tonalite is 1888± 15 Ma 
(Korsman et al., 1984) and for the Osikonmäki 
tona1ite 1887±5 Ma (Vaasjoki and Kontonierni, 

1991). Igneous clasts from the Haukivesi con­
g lomerate also have ages of 1885±6 Ma (Kors­
man et al., 1988). The Hiltu1a granodiorite rep­
resents a yo unger age group , having an age of 
1840±7 Ma (Vaasjok i and Kontonierni, 199 1). 
Two of the undeformed post-tectonic granitoids 
have been dated, the Luonterivesi granodiorite 

having a zircon U-Pb age of 1822±22 Ma and 

the Piri1ä granite being 1815±7 Ma (Korsman et 
al., 1984). 

Deformation and metamorphie history 

The structura l and metamorphic evolut io n 
of the southern Savo region has been the sub­
ject of active investigations, the results of 

which are highly relevant to the present study 
and will therefore be reviewed here in so me 
detai 1. 

According to Korsman et al. (1988) the 
Juva district is cha racterized by zones of in­
creasing progressive metamorphism, with 

grade steadi ly increasing towards the Sulkava 
thermal dome. In addition to this zona l pat­
tern , differential movement a long major fau lt 
zones has led to a more comp lex distribution 
of blocks of varying metamorphic grade, in 
places exposing domains that experienced an 
even earlier granulite facies event. This ear­
lier metamorphic event culminated prior to 
the end of 0 2 deformation (before 1880 Ma), 
in contrast to the Sulkava zona l metamor­

phism which culminated during 0 3 at 1830-
1810 Ma. By this time the tectonometamor­
phic domains had assumed approximately 
their present form, although so me late-03 

shear zo nes locally truncate the metamorphic 
zonation. 

Figure 4 is a tectonometamorphic map of 

the region showing in addition the style of 
fo ldin g in the different metamorphic blocks 
after Korsman et al. (1988). The boundaries of 
the Juva study area are a lso shown on the map. 

F I fo ld s are tight and typically have amp li ­

tudes of 10-20 m with SI on fo ld limbs being 
almost parallel to lith o logical layering. F2 
fo ld s a lso tend to be tight, though w ith wave­
lengths of the order of hundreds of meters. 
The S2 schistosity is penetrative throughout 
the K-feldspar-sillimanite zone, while 0 3 de­
formation is much 1ess pervasive and repre­
sen ted by asymmetrical folds of variab le 
wave length and shear zones that locally dis­
rupt metamorphic zoning. Therefore, 0 ) is 

regarded as a mostly retrogressive event, with 
the last event recorded in the area being the 

regularly oriented 0 4 crenulation c leavage 
(Ki lpe läinen, 1988). 

MAFIC AND ULTRAMAFIC LITHOLOGIES 

The mafic and ultramafic rocks of the re­
gion fall into two broad categories , namely 
gabbros, pyroxenites and peridotites within 
the mica gneisses, and ultramafic lavas and 

s ill s that occur within the amp hibo lite zones. 

Rocks belonging to the first group have not 
been identified from the areas of lowest meta­
morphic grade, characterized by andalusite­
muscovite a nd K-feldspar-sillimanite assem­

blages and eve n elsewhere they tend to be 
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Fig. 4. Location ofthe study area on the tectonometamorphic map of southern Savo (Korsman 
et al. , 1988). 

irregularly distributed, occurring either as 
elongate zones , such as the gabbroic unit in 
the Luonterivesi-Heiskalanmäki area, or as 
local swarms of intrusions, as in the Saarijärvi 
and Lumpeinen areas (see the appended map). 

The distribution of mafic and ultramafic 
rocks of the second type also tends to corre­
late broadly with metamorphic grade, since 
they occur preferentially within regions of 
lower metamorphic grade and invariably in 
association with amphibolites . It is reasonable 
therefore to infer that since these formed orig-

inally at high crustal levels and on the sea­
floor , and that their present metamorphic 
grade is less than that of the gabbroic and 
ultramafic intrusion s , the two groups of mafic 
and ultramafic rocks represent different cru s­
tal levels juxtaposed during late stages of 
deformation. The distribution of the gabbroic 
and pyroxenitic and peridotitic intrusions 
therefore help in delineate deeper crustal sec­
tions , as can be appreciated from inspection of 
the appended map . 
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Luonteri-Heiskalanmäki zone 

This is a N-trending zone of intrusions 
some 2 km wide and 15 km long situated on 
the western margin of the Sulkava thermai 
dome and consequently has been metamor­
phosed to granulite facies (Fig. 5). Surround­
ing gneisses are therefore characterized by 

garnet-cordierite-sillimanite assemblages. In­

trusions at the northern end of the zone are 
generally larger than those at the southern 
end. Two intrusions , namely those at Hieta­
järvi and Rahijärvi , on the eastern side of the 
zone, are representative of the zone with re­

spect to appearance and composition, despite 
being somewhat larger than the others. The 

Hietajärvi intrusion is about 5 km in length 
and attains a maximum width of 500 m , while 

the intrusions within the zone proper are elon­
gate and broadly concordant with the regional 
S2 schistosity and have maximum lengths of 
about 1.5 km and thickness invariably less 

than 200 m. 
Compositionally the intrusions correspond 

predominantly to gabbros but more felsic dif­
ferentiates are also commonly present , includ­
ing diorites and quartz diorites. Post-meta­
morphic faults have typically disrupted the 
intrusions in many places (Fig. 5), particular­
Iy along an ENE trend wh ich is also accentu­
ated by variations in topographical features , 
with depressions occupied by strings of nar­
row lakes. This trend corresponds to the ori­

entation of the F 4 fo Id ax i s as defi ned by 
Kilpeläinen (1988) and it is therefore in prin­
ciple possible that they are coeval. On the 
other hand , they might relate instead to a 

clearly younger set of faults that transect the 
southern part of the zone with a prevailing 
orientation of about 030 0. 

As weil as being concordant at outcrop 
scale, the contacts between the intrusions and 
the wall-rock gneisses are generally sharp . 
Sometimes however, gneissic enclaves are 
present within the gabbro near the contact , 
which provides direct evidence of their intru-

sive origin . Moreover , the presence of granit­
ic veins along the contact in many places in­
dicates that the margins of the intrusions were 
the subject to preferential deformation, a con­
clusion that is consistent with the generally 

more intense foliation development in the 
intrusions approaching their margins. Partly 

for this reason it has not been possible to 
establish whether the intrusions originally had 
chi lied margins. 

The same deformational events that affect­
ed the country rock gneisses can be recog­
nized within the intrusions , with a well-devel­

oped S2 schistosity being the oldest major 
fabric identified. In the case of very narrow 
intrusions, the intensity of foliation develop­

ment is such that the rock has an almost gneis­
sic appearance. These observations demon­
strate that the intrusions predate D2 and hence 
they cannot have been intruded after 1880 Ma. 

Slight differences in mineralogy and ap­
pearance occur between different intrusions 
but in outcrop they all appear rather leuco­

cratic due to the relative abundance of plagi­
oclase and orthopyroxene; on weathered sur­
faces the latter mineral has a distinctive pale 
brown colour. Hornblende is therefore readily 
distinguished from other principal mineral 
phases because of its contrasting dark colour. 

Dominant mineral assemblages consist of 
pi agioc I ase-orthopyroxene- bioti te- horn blende, 

plagioclase-orthopyroxene-biotite and plagi­
oclase-orthopyroxene-hornblende. Figure 6a 
shows a typical gabbro from the Luonteri­
Heiskalanmäki zone, in which plagioclase 
occurs as anhedral grains less than 6 mm in 

size and orthopyroxene forms recrystallized 
elongate porphyroblasts oriented parallel to 
the foliation (Fig. 6b). Hornblende is com­

monly intergrown with orthopyroxene , al­
though not coaxially; usually it is possible to 
demonstrate that orthopyroxene has grown 
metamorphically and later than hornblende. 

Flakes of biotite in turn are oriented discord-
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a) 

b) 

Fig. 6. Representative sampIes from the Luonteri-Heiskalanmäki zone. a) Typical gabbro, Siikavesi, KIP-83- 123.2, 
crossed nicols. b) Orthopyroxene porphyroblasts oriented parallel to the foliation , Rietsalo , BH30 1/41.00, single 
nicol. Phot os K.Kojonen. opx = orthopyroxene, bt = biotite, plg = plagiodase, hbl = hornblende. 
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Fig. 7. Cross-bedded layering in the Pihlajasalo gabbro , HVM-92-IO. Length of the scale bar is 10 cm. Photo 
J.Väätäinen . 

Perido tites 

Peridotitic intrusions consist of weakly dif­
ferentiated oli vine cu m ulates or 01 i vi ne-or­
thopyroxene cumulates that display sharp, 
commonly tectonic contacts with surrounding 
mica gneisses or gabbros. They have been 
deformed together with the enclosing litholo­
gies and the earliest fabric identified in them 
is the regional 5 2 foliation. The intrusions 
studied are less than I km in length and do not 
exceed 200 m in thickness. Primary mineral­
ogy in so me intrusions has been substantially 
modified by metamorphic recrystallization, 
with orthopyroxene forming distinct porphy­
robiasts. Despite this, sufficient relict grains 
and textures remain to enable classification 
using the scheme of 5treckeisen (1975), on 
the basis of which the peridotites can be 
termed wehrlites and lherzolites. Of the peri­
dotitic intrusions studied , those at Lumpeinen 
and Turunen are classed as wehrl ites. 

The main minerals present in the wehrlites 
are olivine (± serpentine), clinopyroxene and 
clinoamphibole. Olivine occurs as euhedral or 
nearly euhedral cumulus grains that display 
variable amounts of serpentinization (Fig . 8). 
In addition to olivine, chromite is also some­
times present as a cumulus phase. Clinopyrox­
ene occurs predominantly as an intercumulus 
mineral although it has generally been almost 
entirely replaced by clinoamphibole . The Lum­
peinen wehrlite body also contains sporadic 
layers of pyroxenite. On the basis of relative 
proportions of cumulus and intercumulus min­
erals most of the wehrlites are classified as 
orthocumulates using the criteria of Irvine 
( 1982). 

The dominant minerals in the Iherzolitic in­
trusions are olivine (± serpentine), orthopy­
roxene, clinoamphibole and occasionally 
clinopyroxene as weIl. Olivine and orthopy-
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a) 

b) 

Fig. 8. a) Poikilitic oli vine orthocumulate, Turunen , BHI4/16.IO, crossed nicols. b) Olivine orthocumulatc, 
Lumpeinen, BH373/8 1.00, single nico l. Photos K.Kojonen . 
01 = o li vine, am = c1inoamphibole, c px = clinopyroxene, 
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Fig. 9. a) Almost totally serpentinized olivine grain surrounded by areaction corona of orthopyroxene and 
c1inoamphibole, Saarijärvi, BH359/l0.20, single nicol. b) Magnification of the corona (the area olltlined by the 
rectangle in photo a), crossed nicols. Photos K.Kojonen. 
spt = serpentine, other abbreviations as in Figures 6 and 8. 
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roxene oc cur as prim ary c umulu s ph ases, as 

doe s accesso ry chro mite . Th e deg ree of ser­
pe ntini za tion o f oli v in e va ri es jus t as in the 
wehrlites. Inte rcumulu s ph ases a re c lin oa m­

phibol e, whic h is a re pl ace me nt produc t aft e r 
c lin o pyro xe ne, and pl ag ioc lase . On th e bas is 
of the re la ti ve propo rti o ns of c umulu s a nd 
inte rcumulu s ph ases , th e lh erzo lites ca n gen­

e ra ll y be rega rd ed as mesoc umul ates. 
Oli v ine gra in s di spl ay reac ti o n co ro na tex­

tures w he n th ey are in co ntac t w ith e ithe r pl a­
g ioc lase o r c lino pyroxene (F ig. 9). T he coro­
nas a re co mpos ite, co ns is t ing o f a n inn e r 0.1 -
0. 2 mm wide zone o f o rth o pyroxe ne surro und­

ed by a n o ute r zo ne 0 .2-0.4 mm wide co nsis t­
in g o f c lin oa mphibo le. In bo th zo nes the co ­
ro na min e rals have g row n suc h th at the ir c­

axes are o ri e nt ed towa rd s the ce nte rs of th e 
o li v in e g ra in s. S e rp e ntini za ti o n has c lea rl y 

ta ke n pl ace after th e fo rma ti o n of the co ro na 
tex tures s ince in some cases the o rth o pyrox-

e ne w ithin the inn e r zone has a lso bee n par­
ti a ll y se rp e ntini zed . Whe re o livine is in con­

tac t w ith c lin o pyroxe ne coro nas co ns ist ex ­
c lu s ive ly o f orth o pyro xe ne, th e o ut e r 
c lin oa mphibo le coro na bein g abse nt. 

Th e fo rm ati o n of th e coro na tex tures can be 
ex pl a in ed by the fo ll o win g reac ti o n: 

2Mg2Si0 4 + Ca AI ß i20 g -> 
OL PLG 

CaM gSi p 6 + 2M gSi0
3 

+ M gA I
2
0

4 

CPX OPX SPI 

If wa te r is prese nt as a reac tant , the n a mphi ­

bo le ca n a lso fo rm (Deer e t a l. , 1982). 
Pl ag ioc lase has gene ra ll y bee n to ta ll y con­

s um ed by t he co ro na -fo rmin g reac ti o ns in 

t hese roc ks so th at th e inte rs ti ces be twee n 
o li v in e g ra in s have bee n f ill ed wi th inte r­

g rowths of the va ri o us reac tio n prod ucts (Fi g . 
10). The co ro na tex tures are be li eved to have 

Fig. 10. Intercumulus orthopyroxene (opx I) and orthopyroxene formed by the reae lion between oli vine and 
plag ioc\ ase (opx 2), Kekonen, BH346/32.90, single nieo!. Photo K.Kojonen. 
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formed during regional metamorphism at rel­
atively high pressures (6-11 kbar) while the 
intrusion was cooling under subsolidus condi­
tions. They also provide distinctive evidence 
in favour of a primary igneous origin for the 
olivine (Deer et al. , 1982). 

Intrusions in the study area that can be clas­
sified as lherzolites include Saarijärvi N , 
Saarijärvi S , Niinimäki E, Niinimäki W , Pih­
lajasalo and Venetekemä. 

The Saarijärvi and Niinimäki peridotites 
outcrop within several different parts of pre­
dominantly gabbroic host intrusions , after 

which they have been named. It is noteworthy 
that the Saarijärvi peridotites contain excep­
tionally abundant apatite, up to nearly 5 vol­
% of the rock. The Pihlajasalo and 
Venetekemä peridotites contain appreciably 
less orthopyroxene than the Saarijärvi and 
Niinimäki peridotites. The outermost 5-20 m 
at the margins of the Pihlajasalo and 
Venetekemä peridotites consist of olivine­
bearing orthopyroxene-amphibole rock that is 
also somewhat finer-grained than the central 
parts of the intrusions. 

Differentiated intrusions 

This group of intrusions includes those that 
vary in composition from peridotitic through 
to gabbroic as a result of magmatic differen­
tiation processes . Gabbros predominate over 
peridotites and the intrusions are generally 
relatively small, being less than 600 m in 
length and 100 m in thickness. They are typ­
ically enclosed within mica gneisses and show 
the same deformational history, including 
fabrics related to both D

2 
and D

3
. Contacts 

with the mica gneis ses are sharp, although 
gneissic enclaves are sometimes found within 
the marginal parts of the intrusions. 

The differentiation sequence is as folIows : 

lherzolite - olivine gabbronorite - pyroxene­
hornblende-gabbronorite - hornblende gabbro 

The peridotites in these intrusions thus cor­
res pond to the previously discussed group of 
peridotites with respect to mineralogy except 
that olivine is less abundant. Accordingly 
they are best classified as olivine-orthopyrox­
ene cumulates using the terminology of Irvine 
(1982). As plagioclase abundances increase 
the lherzol ites progressively change to olivine 
gabbronorites, pyroxene-hornblende gab­
bronorites and ultimately hornblende gabbros . 
Olivine in the Iherzolitic parts of the intru­
sions has often been totally replaced by meta­
morphic orthopyroxene, due to reaction be­
tween olivine and plagioclase (Fig. 10). 

Within the Juva district Kekonen and Kiis­
kilänkangas can be classified as differentiated 
intrusions. 

Ultramafic volcanics and sills 

All of the ultramafic rocks in this group 
occur as concordant sills or lava f10ws within 
more extensive amphibolite zones . Individual 
ultramafic horizons can be traced for distanc­
es of several kilometers in some instances and 
may be up to 100 meters in thickness. In so me 
pI aces it can be demonstrated that they are 
intrusive into the amphibolites. Ultramafic 
sills have also been found in association with 

gabbros. Contacts between ultramafic rocks 
and adjacent lithologies are generally sharp. 

On weathered surfaces the ultramafic rocks 
tend to be greyish dark green or black, de­
pending upon which of the major minerals 
predominate. Within the K-feldspar-silliman­
ite zone, as at Pirilä (Viluksela, 1988), ultra­
mafic rocks are fine-grained and typical meta­
morphic assemblages include tremolitic or ac-
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Fig. 11. Ultramafic lava in the garnet-cordierite-s illimanite-biotite zo ne, Rautjärvi , HVM-83- 1.3. si ngle nicol. Photo 
K. Kojonen. Abbreviations as in Figures 6 and 8. 

tinolitic amphibole or hornblende and o li vine. 
In areas of higher metamorphic grade, grai n 
s ize tends to be larger and orthopyroxene por­
phyroblast s are ubiquitou s, accompanied by 
olivine and tremolitic-actinolitic amphibo le 

or hornb lende (Fig. 11). Green spinel is a 
typical accessory mineral in the u I trama fie 

rocks. 
The ultramafic rocks so metimes exhibit 

sha rpl y defined layering and the layered Raut­
järvi ultramafie lava unit contains individual 
layers that vary in thiekness from 0.4 m to 

over 10m . The layers differ from one another 
with respect to both grain s ize a nd texture. 
Variations in mineralogical and chemieal 

composition are small but neverthele ss suffi­
cient as to be reliable indicators of the bases 

of individual layers. For examp le Mg-number 
and MgO systematieally increase towards the 
bases of layers and it ean therefore be eon­
cluded that the ultramafic rocks stratig raphi­
eally overlie the amphibo lites (see Makkonen , 
1992) . 

Interna) st ratigraphy 

It is sometimes possible to determine the 
internal stratigraphy of the intru s ion s on the 
basis of relative proportion s of relict igneous 
minerals but in most cases the intern a l varia­
tion is e ith er too small or too much of the 
primary mineralogy has been destroyed or 

modified. In the fo ll owing diseussion the in ­
ternal s tratigraphy of seleeted intru sio ns has 
been eompared using a combination of MgO 
(w-%), Mg-number , a modified differentia­
tion index (von Gruenewaldt, 1973 ) and Fo­

eontent (m- % ) (Fig. 12). Intrusions within the 
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Luo nte ri - He iska la nmäk i zo ne a nd the differ­
e ntia ted in tr us io ns show dis ti nct c ha nges in 
c he mi ca l co mposi ti o n as a func ti on of intern a t 
s tra t igra phi c leve l. T he basa l pa rts o f the in ­
tr us io ns show e nri c hm e nt in e lements t hat 

occ ur prefere nti a ll y w ithin mafic c umulu s 
min e ra l phases. In co ntras t , th e per ido titi c 

intru s io ns a re o nl y weak ly d iffere nti a ted a l­
tho ug h in sp it e of this , M gO ab unda nces a nd 

Fo-co nte nt ca n st ill reveal d iffere nt iatio n 
t re nds. T he Pihl ajasa lo a nd Nii n imä ki in tru­
s ions are so mew hat more s t ro ng ly diffe re nti ­
ated th a n the Saari järv i a nd Lumpe ine n intru ­

s io ns. The a bru pt tra ns iti o n from gabbro to 
pe rido tite in the Saa rij ärv i and N iinim ä ki in ­

tru s io ns is a lso c lea rl y reflec ted in the geo­

c he mi ca l da ta. 

Ni-Cu OCCURRENCES 

Mode of occurrence 

S ix of th e Ni -Cu occ urre nces in the Ju va 
d is tri ct have the ave rage N i co nte nt s in excess 
of 0.50 w- % a nd have been s tud ied in de ta il. 
M inera li zatio n is in variabl y co nf in ed to the 

basa l parts of the in tru sio ns a lth o ug h because 
they have bee n affected by co mpl ex a nd mul ­
ti p le defo rmat io n, Ni-C u occ urrences ca n g ive 
the im press io n of occ urr ing in a va ri ety of 
pos iti o ns within the ir res pec ti ve host intru­

s io ns, de pe ndin g on w he the r it is r ig ht way 
up , in ve rted , o r tilted o n e nd . 

Th e bo und ari es of the mi ne ra li zed ho ri zo ns 

a re usua ll y readil y defined s ince t hey co inc ide 
w ith a marked in crease in sul fur ab und a nce, 
from less th a n I w- % to severa l per ce nt o r 
more. S ul f ides are usua ll y prese nt as di sse m­

inat io ns a ltho ug h so me co mpact horizo ns less 
tha n 2 m thi ck are prese nt a t the co ntact be­
twee n t he intr us io n a nd the co unt ry roc ks and 
occasio na ll y as offset ore zo nes wi thin the 

g neisses the mse lves, as a t Pihl ajasa lo . F igure 
13 prese nts cross-sec ti o ns thro ug h the occur­

re nces s tudi ed . 

Ore mineralogy 

T he mos t a bun da nt o re m inera ls are pyrr ho­

ti te , c ha lcopy rite a nd pe nt la ndi te, w ith a ra nge 
of o th e r min e ra ls co mm o nl y be in g prese nt , 
in c ludin g ilm e nite, N i-Co arse ni des (ni cco l­
ite, ge rsdorffite , gersdo rff ite-coba ltit e) , py­
rite afte r py rrh otite, a nd bravo ite a nd v io larite 
as a lte ra ti o n produ cts after pe ntl a ndite . C u­
ba nite, s ph a ler ite, mag netite , mill e r ite a nd 

mack in aw ite a re a lso occas io na ll y p rese nt. 
Th e s ul fi des a re ge nera ll y di sse min a ted 

thro ug ho ut the ore, a ltho ug h in p laces co m­
pac ted and brecc ia ted ore tex tures occ ur. At 
so me occur re nces, notab ly Ra nt ala, th e 
s ulfides have bee n s tro ng ly tec to ni ca ll y re mo-

b ili zed d urin g defo rma ti o n. In contras t p rim a­
ry sul fide d ro pl e t text ures consistin g of pyr­
rho tit e , c ha lcopy rite a nd pe n t la ndit e have 
been prese rved intact a t the Keko ne n occ ur­

re nce. Th e sulfi de dro pl e ts are in so me cases 
surro unded by a mphibo le coro na tex tures re­
se mblin g those surro unding o li v ine g ra in s. At 
the Ni i n i mä ki occ urre nce seco ndary py ri te is 

the predo mina nt o re mine ra l in th e upper parts 
of the minera l ized zo ne (compare F igs. 14 a nd 
15) . Pyrrhoti te c rys ta ls atta in s izes of I c m , 
w hile c ha lcopyri te is up to 4 m m in s ize and 
pentl a nd i te 5 m m. Pe nt la ndi te typica ll y oc­
c urs as di sc rete s ubhedra l inc lu s io ns w ithin 

Fig. 13 (on the right). Cross-sections thro ugh the Ni-Cu occurrences. 
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Fig. 14. Representative ore sampies. a) Kekonen. BH346/49.60 ; b) Rietsalo BH3051100.20: c) Rantala. BH3601 
24. 10; d) Heiskalanmäki BH332/66.50; e) Pihlajasalo, BH31 1/28.30: f) iinimäki, BH364/26.80. PhotoJ. Väätäinen. 

pyrrhotite but ha s sometimes been mobilized 
into fractures within pyrrhotite g rain s or is 
intergrown with it , forming f1 a me-like exso lu -

tion lamella s . Chalcopyrite likew ise often 
occurs in fractures within other sulfide grains 
or within s ilic ates. 

Meta) abundances 

Economically s ig nifi ca nt me tal s in the oc­
currences are nickel and copper, and locally 
cobalt as weil; abundances of platinum group 
elements are low. When evaluating potential 
reserves, the geological boundaries of the 
mineralized zones have been defined us ing a 
cutoff g rade of 0.3-0.5 w-% Ni. As s tated ear­

li er, the occurrences that have been s tudied so 
far are rather modest but of these, the Niini­
mäki occurrence is clearly significantly la rger 

in te rm s of es timated tonnage (Tab le I ). 

Table I . i-Cu oeeurrenees in the Juva area. Ni sF = 
Ni in 100 % sulfide. 

Oecurrence ton Ni % Cu % Ni sF 

Pihlajasalo 5000 1.99 0.12 8.78 
Ranta la 20000 0.53 0.34 3.7 1 
Kekonen 50000 0.54 0.2 1 6.46 
Heiska lanmäki 54000 0 .55 0.25 7.17 
Rietsalo 56000 0.53 0 .53 5.40 
Niinimäki >100000 1.09 0 .36 4.95 

Fig. 15 (on the ri ght). Photom ierographs from ore sampies , single nieol. a) Pentlandite (pn) filling fraetures in pyrrhotite (po) , 
Rantala BH360/8.20. b) Zoned Ni-Co arsenide (ni e = nieeolite , grs = gersdorffite, grs-cob = ge rsdorffite-cobaltite, cpy = 
ehaleopyrite), Pihlajasalo BH3 11 /28.30. e) Pyrrhotite-pentlandite assemblage, Niinimäki, BH363120.35 . d) Seeondary pyrite (py) 
-v io larite (v i) ore, Niinimäki, BH370123.20. Photos K.Kojonen. 
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WHOLE ROCK GEOCHEMISTRY 

Mean chemical compositions for the vari­
ous rock types will be presented below , while 
comprehensive data for each of the individual 

sampIes analyzed in the course of this study 
can be found in Appendix 1. 

Luonteri-Heiskalanmäki zone 

Table 2 lists me an chemical compositions 
for combined data from the Luonteri-Heiska­
lanmäki zone intrusions and the spatially as­
sociated Hietajärvi , Rasimäki and Niinimäki 
intrusions, as weIl as mean data for the indi­
vidual intrusions (compare Fig. 5 and append­
ed map). 

The mean value for Si02 is 53.30 w- %, on 
the basis of which the intrusions are classified 
as intermediate on average , even though val­
ues range from 43.63 - 66 .91 w- %, thus en­
compassing the whole compositional range 
from ultrabasic (Si02<45 w- %) to acidic 
(Si02>66 w- %) (Williams et al. , 1982) . 

This wide variation in composition is also 
clearly reflected in MgO abundances ; the 
mean MgO value is 8.16 w- % but individual 
values range from 1.48-24 .94 w- %. The Niin­
imäki intrusion is rather distinctive with re­
spect to its high FeO,ola ' abundances and low 
alkali contents . 

The correlation matrix (Table 3) shows 
so me significant features, including a distinct 

positive correlation between Cr and Mg which 
can be explained by the incorporation of Cr 
into pyroxene during crystallization, chromite 
being absent from these gabbro intrusions. Ni 
and Cu are clearly associated with sulfur, while 
Zn is partitioned into both sulfide and silicate 
phases. 

In a general sense the correlation matrix 
records the effects of magmatic differentiation 
processes . Those elements that remained with­
in the melt until late during the crystallization 
history tend to show negative correlations with 
those that were preferentially partitioned into 
early crystallizing phases. When comparing 
correlations between major components how­
ever, it is always necessary to bear in mind the 
potential closure sum problem. 

The relative abundance of intermediate and 
felsic rocks in this zone is also clearly evident 
in normative calculations (Fig. 16) . Almost all 
of the sampIes analyzed contain normative 
quartz, while only a few have normative oliv­
ine or diopside. 

Peridotites 

Table 4 presents averaged analytical data 
from the peridotitic intrusions, between which 
some noticeable differences can be recog­
nized. The Lumpeinen and Turunen intrusions 
have higher CaO abundances than the other 
peridotites , while Si0

2 
values are more or less 

constant for all intrusions. The Saarijärvi and 
Kekonen intrusions have conspicuously high­
er Ti 02 concentrations and the Kekonen intru­
sion also has elevated P20 5 abundances . No 
analytical data for phosphorus were available 
from the Saarijärvi intrusions but as noted 

above , the peridotite contains exceptionally 
abundant (up to 5 vol- %) apatite; P20 5 values 
accordingly must also be higher than those of 
the other intrusions . 

Normative calculations also reveal that the 
Saarijärvi , Kekonen, Kiiskilänkangas and Nii­
nimäki peridotites have distinctive composi­
tions compared to the other intrusions , mani­
festing principally in the relatively small 
amounts of normative clinopyroxene (Fig. 
17) . Conversely, the most abundant normative 
c linopyroxene occurs in the Lumpeinen and 



Table 2 . Averaged c hem ica l com pos iti ons of the intrusions in Luonteri -Heiska lanmäk i zone . Number of analyses in parentheses. 

w-% 

SiO, 
TiO, 

AI ,0 3 
FeO 

,"I 

MnO 
MgO 
CaO 
Na,O 

K, O 
P,O, 

ppm 

53.31 
l.17 

16 .66 
9.47 
0. 13 
8.16 
7.04 
2.07 
1.58 
0.41 

2 

54.15 
0 .78 

18.37 
8.2 1 
0 .1 2 
7 .06 
7.47 
2.21 
1.46 
0.17 

Ni 431 75 
Cr 453 235 
V(n=97) 2 10 174 
Zr(n = 97) 135 95 
Cu 157 38 
Co(n = 115) 26 n.d. 
Zn 94 111 
S(w- %) 0.31 0.09 

I = Mean (2 12) 
2 = Alanen (8) 
3 = He iskalanmäki (2 1) 
4 = Syömäjärvi (4) 

3 

52.78 
0.76 

12.28 
8.55 
0.13 

13.49 
9.63 
0 .99 
1.00 
0.40 

2750 
858 
160 
89 

96 1 
n.d. 

93 
1.1 9 

4 

53.27 
1.09 

17.64 
9 .36 
0. 15 
6 .95 
8.92 
1.29 
1.04 
0.26 

20 
400 
n.d. 
n.d. 

18 
15 
33 

0 .04 

5 6 

59.12 53 .79 
1.05 0.63 

15.58 10.60 
7 .96 11.63 
0. 11 0.17 
5.21 15 .38 
5.69 5.92 
2.82 0.56 
2.10 1.09 
0 .36 0 .24 

93 397 
196 1439 
n.d . n.d . 
n.d. n.d. 

69 137 
26 36 
70 27 

0.07 0.30 

5 = Ko1kanranta (7) 
6 = Virmaanl ahti (7) 
7 = Rietsa lo (20) 

7 

55.58 
1.48 

17.86 
8.67 
0 .11 
4.90 
6.29 
2.25 
2.32 
0.55 

55 
160 
n.d. 
n.d . 

55 
25 
78 

0 . 17 

8 = Rietsa lo BH 303 (6) 

8 

52.71 
1.11 

15 .89 
10.39 
0.15 
8.82 
7.59 
1.9 1 
1. 13 
0.29 

555 
368 
n.d. 
n.d . 
237 

33 
30 

0.34 

9 

58.44 
1.00 

16 .38 
7.59 
0.10 
5.37 
6.05 
2.59 
2. 19 
0.30 

74 
193 
n.d . 
n.d . 

26 
2 1 
54 

0.10 

10 

51.55 
1.00 

17 .67 
10.8 1 
0.15 
8.4 1 
6.81 
1.58 
1.59 
0.43 

80 
305 
n.d. 
n.d . 

58 
27 
38 

0.22 

11 

52.07 
I. 15 

17.05 
10.09 
0.15 
7.80 
7.83 
2.06 
1.42 
0.39 

353 
346 
n.d. 
n.d . 

69 
34 
42 

0.36 

9 = Ko 101ahde nse lk ä ( 17) 
10 = Vekarainen ( 10) 
11 = S ii kavesi ( 16) 
12 = Rantav uori (5) 

12 

55. 19 

1.33 
18.52 
7.35 
0.09 
3.34 
5.82 
4.50 
2 .54 
1.31 

16 
33 

n.d. 
n.d . 

16 
16 
72 

0.13 

13 14 

59.90 54. 12 
1.05 1.88 

17.77 16.33 
7.21 9.86 
0.09 0.13 
3.68 5.40 
5.09 7.23 
3.06 2.37 
1.85 1.96 
0.29 0.72 

35 53 
102 177 
n.d. n.d. 
n.d. n.d. 

38 41 
18 30 
63 91 

0 . 11 0. 16 

15 

50.7 1 
1.47 

19.29 

16 

48 .72 
1.42 

19.88 
9.73 10.46 
0 .1 3 0. 14 
5.08 6.55 
7. 11 8.98 
2.73 2. 11 
1.6 1 1.35 
0.46 0.38 

6 1 97 
179 286 
255 258 
128 3 18 
39 75 

n.d. n.d. 

152 146 
0. 15 0.43 

13 = Siikasaa ri (6) 
14 = Pih 1ajasa10 ( 14) 
15 = Hi etajä rvi (35) 
16 = Rahij li rvi ( 16) 
17 = Niinimäk i ( 19) 

17 

50.28 
0.6 1 

12.85 
19.07 
0.16 

1 I. 18 
4 .25 
0.73 
0.73 
0.15 

678 
1668 

150 
52 

167 
n.d. 
148 

0.33 

3 
'" 00 
3 
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3 
'" '" 0. 
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Table 3. Correlation matrix for elements in the Luonteri-Heiskalanmäki zone (n = 212). 

SiO, TiO, AI ,O, 

SiO, 1.00000 
TiO, -0.28030 1.00000 
Alp, -0.09162 0.33072 1.00000 
FeO

to t 
-0.70465 0.35774 -0.25504 

MnO -0.679 16 0.15580 -0.3 19 89 
MgO -0.35133 -0.49836 -0.76496 
CaO -0 .46805 0.18295 0.15715 
Na,O 0.35288 0.33196 0.62100 
K,O 0.38465 0.26306 0.22726 
P,O, -0.18406 0.68659 0.10543 
Ni -0.09394 -0. 12320 -0.31803 
Cr -0.21017 -0.48347 -0.77956 
Cu -0.10468 -0.09515 -0.28597 
Zn -0.29754 0.17182 0.12801 
S -0 . 14829 -0.03194 -0.24195 

Ni Cr Cu 
Ni 1.00000 
Cr 0.22527 1.00000 
Cu 0.94547 0.18483 1.00000 
Zn 0.15656 0.08468 0.15130 
S 0.91646 0.16292 0.86594 

QZ 

x 

x 

PLG 

FeO
to t 

MnO MgO 

1.00000 
0.79549 1.00000 
0.40928 0.48801 1.00000 
0.00779 0.26998 -0.10705 

-0.42833 -0.53056 -0.79736 
-0.31789 -0.52366 -0.48536 
0.15332 0.05549 -0.32044 
0.18638 0.05149 0.26440 
0.37192 0.39075 0.94656 
0.13899 0.04761 0.23414 
0.25274 0.01632 0.06891 
0.22354 0.03391 0.20193 

Zn S 

1.00000 
0.25769 1.00000 

OPX OL 

CaO Na,O K,O P,O, 

1.00000 
-0. 13982 1.00000 
-0.34606 0.43282 1.00000 
0.19110 0.25225 0.31555 1.00000 
0.07201 -0.24807 -0. 11449 0.00478 

-0.26177 -0.70573 -0.42723 -0 .32647 
0.14585 -0.23293 -0. 13236 0.03714 

-0.1645 1 0.09731 0.08605 0.04342 
0.06305 -0. 17642 -0.0 11 21 0.04528 

CPX 

x 

x X x 

x x 
x x 

x 
x 

x x 

x )( 

OPX 

Fig. 16. Normative mineral composi tions for sampies from the Luonteri-Heiska1anmäki zone. Norms are mo1ecu1ar (TilI , 1977). 
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Table 4. Averaged chemical compositions of peridotites. umber of analyses in parentheses. 

w- % 

SiO, 45.23 
TiO, 0.23 
AI ,O, 3.65 
FeO 

to. 11.78 
MnO 0.18 
MgO 33.29 
CaO 5.18 
Na, O 0.25 
K

2
0 0.16 

P2O, 0.04 

ppm 
Ni 637 
Cr 3531 
V 135 
Zr n.d . 
Cu 19 
Co 100 
Zn 109 
S ( w -%) 0.11 

1 = Pihlajasal0 (15) 
2 = Niinimäki E (9) 
3 = Niinimäki W (7) 

OL 

2 3 4 

44.10 44.24 45.42 
0 .29 0.32 0.30 
4.90 4.98 3 .04 

14.30 14.85 13.86 
0.18 0.18 0.19 

33.21 32.43 32.81 
2.39 2.47 4.27 
0.20 0 .22 0.04 
0.35 0.22 0.04 
0.09 0.10 0.02 

1514 1704 n.d. 
2908 2743 n.d. 

73 79 n.d. 
28 33 n.d. 

312 415 n.d. 
n.d. n.d . n.d. 
151 161 n.d. 

0.49 0.65 n.d. 

4 = Venetekemä (32) 
(Mänttäri, 1988) 
5 = Saarijärvi N (16) 
(Pietikäinen , 1986) 

CPX 

T 
L L 

v 
v 

OPX 

Fig. 17. Normative mineral compositions for peridotite sam­
pies. K = Kekonen and Kiiskilänkangas , L = Lumpeinen, N = 
Niinimäki , P = Pihlajasal0, S = Saarijärvi, T = Turunen , V = 
Venetekemä. 

5 6 7 8 9 10 

42 .23 43 . 15 44.17 46.11 45.72 45.74 
0.67 0 .74 0.75 0.35 0.42 0.39 
5.60 6.34 8.27 8.50 4.14 4.23 

15.00 14.60 14.91 12.50 13.83 14.44 
0 . 19 1.37 0.20 0.18 0.22 0.22 

3 1.57 29.95 25.04 24.84 25.84 26.13 
3.61 3.84 5.05 5.59 9.38 8.52 
0.61 0.82 0.96 0.95 0 .25 0.25 
0 .52 0.43 0.50 0.89 0.15 0.07 
n.d. n.d. 0.23 0.09 0.03 0.01 

650 780 2215 618 397 660 
n.d. n.d. 1826 1299 1249 568 
n.d. n.d . 144 130 221 n.d. 
n.d. n.d. 60 n .d. 13 n.d. 
150 65 707 166 147 190 
n .d. n.d. 159 94 122 148 
n.d . n.d . 160 67 92 115 
n.d. n.d. 1.47 0.36 0.44 0 .27 

6 = Saarijärvi S (16) 8 = Kiiskilänkangas (4) 
(Pietikäinen, 1986) 9 = Lumpeinen ( 16) 
7 = Kekonen (9) 10 = Turunen (4) 

Turunen peridotites. The normative mineralo­
gies of the Venetekemä and Pihlajasalo peri­
doti tes resem ble one another closely. 

On the basis of normative mineral composi­
tions the different peridotite intrusions are 
classified , using the nomenclature of Streck­
eisen (1975) , as folIows: 

Pihlaj asalo 
Venetekemä 
Saarijärvi 
Kekonen 
Kiiski länkangas 
Niinimäki 
Lumpeinen 
Turunen 

- Iherzolite 
- dunite + Iherzolite 
- dunite + Iherzolite 
- Iherzolite + harzburgite 

Iherzolite 
Iherzolite 

- Iherzolite 
- Iherzolite 

This classification deviates somewhat from 
that based on mineralogical investigations. 
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which classified the Lumpeinen and Turunen 
intrusions as wehrlites. One reason for this 
might be that because it is commonly difficult 
to establish how much amphibole is of prima­
ry origin and how much has formed as an 
alteration product. Nevertheless, the Turunen 

and Lumpeinen intrusions still plot closer to 
the wehrlite field on the normative diagram 
than any of the other peridotites. Therefore 
the normative calculations are considered to 
form a reliable basis for classification. 

UItramafic volcanics and sills and amp hibolites 

The averaged chemical data for the ultrama­
fic volcanics, sills and amphibolites are listed 
in Table 5. The Pirilä ultramafic rocks clearly 
have lower MgO abundances than the others. 
As was also the case for the peridotites, MgO 
does not show negative correlation with Si0

2
; 

instead, Si0
2 

values are 10callY even higher in 
so me of the other occurrences. Conversely, 
abundances of AI

2
0

3 
and CaO are generally 

higher at Pirilä than in the other occurrences. 

The Pakinmaa , Myllynkylä and Pirilä results 
have the highest Ti0

2 
values, while the high­

est Ni abundances reported for sulfide-poor 
lithologies are from Pirilä - that is , from the 
occurrence having relatively low MgO con­
tents. 

The compositions of the chi lied margin of 
the Rantala gabbro and associated dykes cor­
respond to those of amphibolites with respect 
to a number of major components. 

Table 5. Averaged chemical compositions of ultramafic volcanics and si ll s (1-6) and amphibolites (7) 
and analyses for Rantala gabbro. Number of analyses in parentheses. 

2 3 4 5 6 7 8 9 

w- % 
Si0

2 
47.97 46.04 50.32 46.02 50.55 46.96 47.91 47.85 48.97 

Ti02 0.49 1.04 0.65 0.96 0.72 0.88 1.16 1.75 1.36 
AI , O, 7.48 8.67 7.78 9.29 7.63 12.66 15.99 15.03 16. 27 
FeO

IOI 
I 1.43 I 1.8 I 10.01 I 1.98 10. I 8 12.29 13.17 12.72 13.48 

MnO 0.20 O. I 9 0.16 0.19 O. I 7 0.20 0.20 0.19 0.20 
MgO 21.68 21.26 2 1.35 23 .89 20.53 14.72 7.06 10.52 8.45 
CaO 9.59 9.55 8.8 I 6.63 9.01 10.39 I 1.57 9.53 9.99 
Na20 0.93 1.17 0.58 0.81 0.62 1.66 2.56 0.53 0.89 
K, O 0.19 0.15 0.19 0.12 0.45 0.16 0.26 1.62 0.26 
P, O, 0.05 0.1 I 0.14 0 .09 0.15 0.09 O. I 2 0.26 0.1 I 

ppm 
Ni 1883 600 120 495 409 751 202 187 204 
Cr 1879 1500 2400 2000 2071 1013 234 560 370 
V 246 n.d. n.d. n.d. n.d. 227 257 333 282 
Zr n.d. n.d. n.d. n.d . n.d. n.d. 63 79 150 
Cu 831 70 54 72 50 n.d. n.d. 32 64 
Co 112 55 24 43 35 77 50 61 62 
Zn 57 20 9 10 I I n.d. n.d. 131 106 
S(w-%) 1.1 I 0.02 0.01 0.00 O. I 7 n.d. n.d. O. I I O. I 5 

I = Rantala (6) 4 = Pakinmaa (2) 7 = Pirilä amfibolites ( 15 ) 
2 = Myllynkylä (2) 5 = Rautjärvi (7) (V iluksela , 1988) 
3 = Levänomainen (I) 6 = Pirilä (10) 8 = ChilIed margin, Rantala, BH363/99.00 

(Vi lukse la, 1988) 9 = Bas ic dyke , Rantala , BH366/145.80 
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Differences in normative mineral composi­
tions are also evident (Fig . 18), and expressed 
principally by the greater abundance of nor­
mative clinopyroxene in the Pirilä rocks com­
pared to the other ultramafic units. The am­
phibolites differ from the ultramafic rocks 

mostly with respect to their relatively low 
MgO contents and higher AI

2
0

3 
and Na

2
0 

abundances; this too , is reflected in the nor­
mative proportions of clinopyroxene. 

Fig. 18. Normative mineral compositions for sampies from 
ultramafic vo1canics and sills. amphibolites and Rantala gab­
bros. 

MINERAL CHEMISTRY 

Luonteri-Heiskalanmäki zone 

Orthopyroxene and hornblende 

The En-contents of analyzed orthopy­
roxenes vary from 42.23-73.31 m- % and show 
positive correlation with whole rock MgO 

abundances (Fig. 19) . This reflects the rela­
tively uniform mineralogy characteristic of 
the Luonteri-Heiskalanmäki zone as a whole, 
even though MgO abundances vary consider­

ably. The only other mineralogical feature as­
sociated with this is a tendency for horn­
blende to become more abundant as MgO in­
creases. 

Orthopyroxene has rather low Ni contents, 

never exceeding 100 ppm in the sampies an­
alyzed. Hornblendes in comparison have 
somewhat higher Ni abundances, namely , 100 
ppm , 150 ppm and 170 ppm in the three sam­
pies analyzed. According to Häkli (1971) the 
average Ni content of Finnish pyroxene gab­
bros is 105 ppm , contrasting with values of 60 
ppm in quartz diorites; amphiboles from these 

Fig. 19. Orthopyroxene En content (m-%) compared to whole 
rock Mg-number (Mg#). 

rocks have mean Ni contents of 140 ppm and 

80 ppm respectively. The Ni contents of or­
thopyroxenes from the Luonteri-Heiskalan­
mäki zone are somewhat lower than these 
quoted values , although corresponding data 
for hornblende compare very favourably. AI­
though both orthopyroxene and hornblende 

0.8 

Mg# 

0.1 

0.6 

0.5 

0.'> 
x 

)( 

)( 

)( 

x x 
)( 

)( 

x 

0.34-~~~-.~~~~.-~-.~-r~~.-~ 
'>0 50 60 10 80 

En m-% 



36 Geological Survey of Finland , Bulletin 386 
Hannu V. Makkonen 

are metamorphic in origin, this is not apparent 
from the Ni data, since compositions overlap 
with those of magmatic orthopyroxenes stud­
ied by Häkli (197 I). 

The Co contents of the orthopyroxenes are 
on average 210 ppm, with a range of 150-280 

ppm; in contrast, the Co abundances of the 
three hornblende sampies analyzed are, 100 
ppm , 130 ppm and 140 ppm. Orthopyroxene 
Co contents are presumably higher because 
orthopyroxene contains more Fe than does 
hornblende, and Co readily substitutes for Fe . 

Peridotites 

Olivine and orthopyroxene 

Table 6 lists averaged mineral composition­
al data for the different peridotite intrusions , 
while a list of data containing the results of 
analyses for all sampies studied in the course 
of this project is presented in Appendix 2. 
According to the study by Häkli (1971), oliv­
ines from Finnish peridotites have an average 
Ni content of 1330 ppm ; most of the olivines 

in peridotites from the Juva district have Ni 
contents that lie below this value. 

Olivine Fo-contents are highest in the Pih­
lajasalo peridotites , and lowest in the Keko­
nen, Lumpeinen and Turunen intrusions. 
There appears to be no correlation between 
olivine Ni concentrations and Fo-content, in­
dicating that also other factors than MgO 
abundance affect the incorporation of Ni into 
the olivine lattice. In contrast to this , there 

Table 6. Averaged chemi cal compos ition s of olivine and orth opyroxene in peridotites . Number of sampIe s in 
parentheses . Detection limit for Ni, Co and Cu 100 ppm. 

Occurrence 2 3 4 5 6 7 8 9 10 11 

Fo 8l.44 80.96 79.28 79.69 77. 00 77 .06 73 . 11 76.07 77 .70 73.87 72.13 
m- % (7) (9 ) (6) ( 10) (32) (24) (4 ) (4) (2) (47) (4) 

Niou v 800 1040 73 0 1340 1080 1280 1010 470 240 320 760 
ppm (7 ) (9) (6) ( 10) (32 ) (24 ) (4 ) (4) (2) (47 ) (4) 

COouv 230 150 280 290 300 260 320 290 360 
ppm ( 11 ) (2) (4 ) (3) (2) ( 1) (1 ) (8) (4) 

CU
OLl V 

210 130 120 220 170 
ppm (5) (6) (2) (5 ) (2) 

En 82.05 80 .73 81.49 78.02 80.70 80.84 
m-% (3) (28 ) (24 ) (4) (4) (2) 

Ni opx 240 190 220 270 210 <100 <100 
ppm (9) (3) (28) (24) (4) (4) (2 ) 

CooPx 110 130 150 160 
ppm (4) (3) (2) (1) 

Cu oPx 200 150 130 180 
ppm (9) (3) (2) (7) 

I = Pihlajasalo 4 = Venetekemä (Mänlläri , 1988) 7 = Kekonen 10 = Lumpeinen 
2 = Niinimäki E 5 = Saarijärvi N 8 = Kiiskilänkangas , peridotite 11 = Turunen 
3 = Niinimäki W 6 = Saarijärvi S 9 = Kii skilänkangas, gabbro 
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appears to be a negative correlation between 
Co and Fo-content. On average Cu concentra­
tions in olivine are slightly lower than those of 
Co. Within the Saarijärvi and Niinimäki intru­
sions elevated olivine Cu values correlate spa­
tially with high olivine Ni abundances. 

Orthopyroxene analyses are availab le for 
sampies from the Saarijärvi , Kekonen , Kiis­
kilänkangas and Niinimäki intrusions. Ensta­
tite contents are high er in the southern part of 
the Saarijärvi intrusion than in the northern 
part, even though no differences occur in Fo 
contents. Orthopyroxenes from the southern 
part of the intrusion have higher Ni abundanc­
es than in the northern par t, as was also found 
to be the case with olivine. 

Pyroxenes contain di stinctl y less Co than 
olivine, which is consistent with the partition 
coefficient for cobalt ; based on a compilation 
of data from the literature (Hanski, 1983) , 
basa ltic compositions have partition coeffi­
cients for cobalt in olivine of 2-5, while for 
orthopyroxene corresponding values are only 
1-2 . Furthermore, it is reaso nable to expect 
lower concentrations of cobalt in pyroxene 
where olivine has crystallized first, since the 
Co content of the melt will be al ready so me­
what depleted before orthopyroxene starts to 
crystallize. Olivine and orthopyroxene have 
broadly similar Cu abundances, even though 
Cu has a lower partition coefficient for oliv­
ine (1) than for orthopyroxene (10) (data com­
pilation by Hanski , 1983). This too can be 
explained by the fact that olivine begins to 
crystallize earlier. 

Chrome spinel 

Chrome spinei s were analyzed from the Pih­
lajasalo, Niinimäki , Lumpeinen and Saarijärvi 
peridotites and averaged analytical data for 
each intrusion are given in Table 7 . 

Analyses were made preferably from near 
the grain centers, which means that it is not 
possible to use this data set to examine any 
sp inel zonation that might be present. Three 
grains from the Lumpeinen intrusion were 

nevertheless analyzed at their margins as weil 
as their centers, revealing somewhat higher 
Al, Mg and Zn abundances in the cores and 
converse ly, high er Fe and V approaching the 
margin s. Zonation is not usually optically dis­
cernible except in the case of the chrome spi­
nel s from the Saarijärvi peridotites, which 
commonly display dark brown cores and 
greenish rims (Pietik äinen , 1986). Chromite 
grains are generally euhedral, a lthough often 
somewhat rounded , and in serpentinized rocks 
they are often a ltered along fractures. 

T able 7. Averaged chemical compositions of chrome 
spine l in different intrusions. Number of samp ie s in 
parentheses. Fe,0 3 and FeO ca lc ul ated from to ta l 
iron co nte nt according to Carmichael (1967). 

2 3 4 

w- % 

SiO, 0.04 0.05 0.11 0.02 
TiO, 0.06 0 .55 0.05 0.12 

AI , 0 3 33.69 23 . 19 48.33 39.32 

Fe,0 3 5.31 8.72 2.86 1.78 
FeO 23.96 26.98 18.40 21. 19 
MnO 0.25 0.45 0.14 0.28 
MgO 8. 12 4.84 13.39 10. 27 
CaO n.d. n.d. 0.01 0.01 

Na, O n.d. n.d. n.d. n.d . 

K,o n.d. n.d . n.d . n.d. 

Cr,0 3 27.35 32.63 15.34 24.67 
NiO 0.11 0.04 0.11 0.07 
ZnO 0 .70 1.01 0.62 0.75 
Total 99.59 98.47 99.36 98.48 

Structural formula based on 32 oxygens 

Si 0 .0101 0.0137 0.0255 0 .0048 
Ti 0.0 11 6 0.1120 0.0079 0.0212 

AI 9.6410 7.0250 12.707 10.925 
Feh 0.9802 1.7652 0.4779 0.3172 
Fe '+ 4.8971 5 .9752 3.4473 4.2131 
Mn 0.0520 0.1027 0.0266 0.0572 
Mg 2 .9413 1.8495 4.4528 3 .6219 
Ca n.d. n.d. 0.0020 0 .0031 
Na n.d. n.d. n.d. n.d. 

K n .d . n .d. n.d. n.d. 

Cr 5.3087 6.8816 2.7383 4.6920 
Ni 0.0209 0.0078 0.0187 0.0132 

Zn 0.1258 0.1958 0.1028 0.1307 

1 = Saarijärvi (8), 2 = Lumpeinen (6) 
3 = Niinimäki (20) , 4 = Pihlajasalo (6) 
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Whe n chrome spine is from the Ju va di s tri c t 
are co mpared with chrom e spinei s in gene ra l, 
they appear to defin e the ir ow n di stinc t g roup 
(Fi g . 20), charac te rized by low M g/(M g + 
Fe2+) rati os and rel ative ly hi gh AI abund anc­
es. Co mposi ti o nally sim ilar chro me spine is 
have a lso been docum ented from a number of 
o ther mafi c and ultra mafic intru s ion s within 

a 

th e Svecofe nni an of Finl and (Lehto, 19 87; 
La mberg, 1990 ; Pe lto ne n, 1995 a), and al so 
fro m ultram afi c units within the La pl and and 
Wes t-In ari g ranulites (Idm an, 198 0). Ultra­
mafic cumulates from th e Outokumpu assem­
bl age a lso co nta in so me chro me spine is with 
low Mg/ (M g + Fe2+) rati os, althou gh in some 
cases thi s may be due to alte rati on (Vu ollo 
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Fig. 20. Composition of chrome sp ine l in Juva peridoti tes compared to that in a wide variety of rocks (a) and 
to compos ition of olivine in equilibrium with chrome spinel when T = 1200° C (b). In (b) the changes in the 
composition of chrome sp ine l due to partial me lting of peridotite and fractional crysta lli zation ofplagioclase 
and olivine are also shown (Dick and Bul len, 1984). I = Alpi ne-type peridotites (Irv ine, 1967), 2 = 
S.E.Alaskan intrusions (Irvine, 1977), 3 = Layered intrusions (Irvine, 1967), 4 = Alpine Alp ine-type 
peridotites (Dick and Bullen, 1984) , 5 = Abyssa l peridotites (Irvine, 1967). 
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and Piirainen, 1989) . 

According to Irvine (1965) low Mg/(Mg + 
Fe2+) ratios in chrome spineis can result from 
progressive equilibration with surrounding Fe­
Mg si li cate phases during cooling. Pietikäinen 
( 1986) considered this to be one possible ex­
planation for the low Mg/(Mg + Fe2+) ratios in 
spineis from the Saarijärvi peridotites. 

Figure 20b shows equilibrium chrome spinel 
compositions as a function of olivine compo­
sition, although according to Dick and Bullen 
(1984) the calculated olivine compositional 
lines are not quantitatively exact. Average 
olivine Fo-contents for the Pihlajasalo , Niini­
mäki, Saarijärvi , Venetekemä and Lumpeinen 
peridotites range between 73.87 - 81.44 m- % 
(Table 6) and the chrome spineIs from the Juva 
district follow the compositional lines on the 
diagram rather closely. Analytical data fall 
between the F0

60 
and Fo gO lines , which agree 

weil with the known compositions of olivines 
from these intrusions. Therefore, on the basis 
of this diagram it seems that the Juva chrome 
spineis are almost in equilibrium with associ­
ated olivines, even though they are slightly 
enriched in Fe with respect to ideal composi­
tions. Peltonen (1995a) attributed similar fea­
tures in the olivine cumulates of the Vammala 
belt to continual subsolidus equilibration be­
tween chrome spinel and olivine and pyroxene, 
reflecting the relatively slow cooling history 
of the intrusions . Marked variations in the Cr/ 
Al ratio, common to both the Vammala and 
Juva districts (Fig. 20), are considered to re­
fleet changing melt compositions due to co m-

Table 8. Averaged chem ical co mposition s of apatite 
in Saarijärvi (I - 3), Lumpeinen (4) and Pihlajasalo 
(5) peridotites. 

Sam pie I 2 3 4 5 
(n = 7) (n = 8) (n = 13) (n = 4) (n = 4) 

P,O, 42.46 42.58 42.78 42.10 42.08 
CaO 54.27 54.90 54.67 52.80 54.57 
SrO 0.49 0.44 0.45 0.33 O. I 7 
FeO 0.40 O. 17 O. I 7 0.31 0.46 
MnO 0.05 0.07 0.06 0 .01 0.07 
SiO, 0 .56 0.14 0.16 0.08 0.19 
La,O, 0.13 0.13 0.13 0.09 0.04 
H,O 1.05 1.00 0.92 1.00 0.34 
F 1. 20 1.48 1.39 1.39 2.28 
CI 0.69 0.39 0 .86 0.37 1.43 

Sum 10 1.30 101.28 101.59 98.48 101.62 

bination of fractional crystallization and as-
similation of wall rock sediments (Peltonen, 
1995a) . 

Apatite 

Apatite is abundant in some of the lherzo­
lites and is present in lesser amounts in the 
wehrlites. Analyses of apatite were made 
from five peridotite sampies and average 
compositions are presented in Table 8. All 
analyzed grains were fluorapatite and CI and 
F values are highest in the sampie from the 
Pihlajasalo intrusion. Apatites from peridot­
ites rich in orthopyroxene (Saarijärvi) have 
higher La and Sr concentrations than those 
from intru sions poor in orthopyroxene (Lum­
peinen and Pihlajasalo). 

Ultramafic volcanics and sills 

Olivine and orthopyroxene 

Table 9 lists average compositions for oliv­
ines and orthopyroxenes, while the results for 
individual analyses are given in Appendix 2. 

The Fo-contents of metamorphie olivine 
from the ultramafic rocks are rather low. In 

contrast however, metamorphie olivines have 
consistent ly higher Ni abundances than pri­
mary magmatic olivines (see Table 6). The 
only except ion to this is the Rantala uItrama­
fic rock which is also distinctive in being 
closely associated with Ni-Cu mineralization . 
It is probable that Ni at Rantala became en-
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Tab le 9 . Averaged che mica l cop mposi t ion s of o liv ine in ul tramafic lavas and s il ls . Number of sampies in 
pa rentheses . 

Occurrence Rautjärvi Ranta la 

Fo (m- %) 70 .50 (4) 7 1.49 (6) 

N ioLlv (ppm) I 100 (4) 660 (6) 

COOLIV (ppm) 350 (I ) 220 (2) 

En (m- %) 76 .06 (7) 78 .98 (3) 

io" (ppm) 260 (7) 120 (3) 

Coo" (ppm ) 120 ( I ) 160 ( I ) 

ri ched prefe renti all y in sul f ide ph ases during 
reg ional metamorphi sm whereas at o the r 10-
caliti es where sulfur was less abund ant , Ni 
was mos tl y incorpora ted within o li vin e . 

Th e Fo and Ni co nte nts of me tamo rphi c o l­
ivin e in the sul f ide-poor occ urre nces are ve ry 
s imil ar to th ose re ported fo r me tamorphi c 
o li vine in the Rantasa lmi di stri c t by Pe ltonen 
( 1990), wh o concluded th at o li vin e fo rm ed 
from chlo rite-domin ated hydrous ph y ll os ili ­
cates and a lso attributed th e hi gh N i co nte nts 

Pakinmaa My ll ynkylä Levänoma inen 

75.07 (2) 69.63 (2) 73 .27 ( I ) 

23 10 (2 ) 1880 (2) 25 10 (I ) 

290 (I ) 330 ( I ) 
79.28 (2) 78.67 ( I ) 
380 (2) 500 ( I) 
140 ( 1) 

in o liv ine to the re lati ve sca rc ity of sulfur. 
Pe trographi c observa ti ons indi cate tha t th e 

orthopyroxene is metamorphi c rath e r than pri ­
mary in o ri g in and its Ni conte nts cor re late in 
a pos iti ve mann er with those of metamorphi c 
o li vine . Th at is, me tamorphi c ortho pyroxene 
has on average hi ghe r Ni abundances th an 
prim ary orthopyroxene. Th e Co abundances in 
bo th o li vin e and o rthop yroxe ne a re ve ry com ­
parabl e with thei r res pec ti ve abund ances in 
the pe rido tites. 

CHEMISTRY OF SULFIDE FRACTION 

Th e compos iti ons of sul f ide fracti ons (SF) 
from di ffe rent intru sions are show n in Tabl e 
10. Values have been ca lcul ated on the bas is of 
th ose sa mpi es th a t co nta in in e xcess o f 0. 1 
w- % Ni . The proportion of Ni in sili ca tes has 
been ca lcul ated acco rding to the amount of 
o li vine present and its res pecti ve Ni concentra­
ti on in eac h case. SSF has bee n ca lcul ated ac ­
cording to the relati ve proportion s of Ni , Cu 
and S in the sul fide fr ac ti o ns ass umin g the 
presence of pyrrho tite, pentl andite and cha l­
copyrite. The va lue thus obtained is then used 
further in ca lculating Ni sF and CU

SF
• Rati os 

shown represe nt rati os of th e arithmetic means. 
When examinin g the Ni/Co rati os it should be 
rea li zed that so me of the Co mi ght be parti ­
ti o ned into sili ca te mine ra ls (see T abl e 6). 
Neverthe less , the whole- roc k Ni/Co ra ti o re­
lates effecti ve ly to that of pentlandite al one 

since thi s is the prin c ipal Co-bea rin g ph ase 
(see Tabl e 10). Hence the whole- roc k Ni/Co 
rati o accurate ly refl ec ts the sul f ide- frac ti on 
Ni/Co rati o as weil , except in the case of the 
Niinim äki intrus ion, fo r whi ch the whole-rock 
Ni/Co rati o is c learl y lower th an th at of pent­
land ite . 

Th e Ni co ntent of th e sulfide frac ti o n (Ni sF) 

is hi ghes t within th e Pihlaj asa lo pe ridoti te, 
whil e th e Ranta la ultramafic roc k and the 
nea rb y Kii skil änkangas intru sion c lea rl y have 
th e lowes t sulfide-frac ti o n Ni abunda nces. 
The Ni/Co rati o of the Pihl ajasa lo occurrence 
is hi gh while th at for Kii skil änkangas is d is­
tinc tl y lo wer than th at of the othe r intru sion s . 
The Cu/ (Cu+Ni ) ratio genera ll y seems to i n­
crease from the pe rido tites to gabbros (the 
latte r be in g represented by the Heiska lanmäki 
and Ri e tsalo intru sio ns). 
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Table 10. Compositions of sulfide fractions in different intrusions. 

Occurrence S" NisF 

Pihlajasalo 37.87 8.90 
Niinimäki W 38 .00 4.90 
Niinimäki E 37.89 5 .21 
Venetekemä 36.05 5.69 
Saarijärvi 37.25 6.34 
Kekonen 37 .1 2 6.94 
Kiiskilänkangas 37.97 3.34 
Rantala 37.93 4.21 
Heiskalanmäki 37.31 7 .23 
Rietsalo 37.70 5.54 

According to Papunen et al. (1979) the 
sulfide fraction in weakly mineralized mafic 
and ultramafic intrusions in Finland is richer in 
Co than that occurring in economic and subeco­
nomic deposits. The same general conclusion 
seems to be applicable to the Ni-Cu occurrenc­
es of the Juva district as weil (Fig . 21). At low 
Ni abundances (Ni< 0.1 w-%) the relative pro­
portion of Co is greater than at ore-grade abun­
dances. In other words, the abundance of cobalt 
within an individual occurrence correlates in a 
negative manner with degree of mineralization. 
However it is not possible to use Co content to 

Ni 

Cu Co 

Ni>0.1 % 

Cu" Zn" Ni/Co Ni/Cu Cu 
Cu+Ni 

0.68 0 .34 51.72 13.10 0.07 
1.59 0.07 25.4 1 3.08 0.25 
2.00 0.14 32 .60 2.61 0.28 
3.82 21.33 1.49 0.40 
2.26 23.49 2.80 0.26 
2.57 26.52 2.70 0.27 
1.39 10.59 2.41 0.29 
2.50 1.81 16.85 1.69 0.37 
3.34 0.12 33.21 2.17 0.32 
5.40 30 .82 1.03 0.49 

directly evaluate ore potential, since a sampie 
conta ining abundant Co (with respect to Ni and 
Cu) may actually correspond to the marginal 
part of an ore body. 

Cu-Ni-Co diagrams for each of the occur­
rences are presented in Figure 22. The Kiis­
ki länkangas occurrence which has the lowest 
sulfide-fraction Ni contents is clearly distin­
guishable from the others on the basis of its 
markedly higher Co contents. The Rantala 
ultramafic unit also has low sulfide-fraction 
Ni contents and relatively high Co abundanc­
es. At Rietsa lo on the other hand , the sulfide 

Ni 

Cu Co 

Ni< 0.1 % 

Fig. 21. Composition ofthe sulfide fraction in weakly mineralized sampies (Ni< 0.1 w-%) and in moderately mineralized sampies 
(Ni> 0.1 w-%). 
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Cu 
PIHLNASAlO VENETEKEMÄ KEKONEN RANTAlA 

NIINIMÄKI SMRIJARVI KllSKllANKANGAS HEISKAlANMÄKI 

Fig. 22. Composition of sulfide fractions in the different occurrences (Ni> 0.1 w-%). 

Ni 

Co 
RIETSALO 

fraction contains abundant Cu. 
Each occurrence has its own characteristic 

sulfide-fraction Ni abundances, although dif­
ference s only become readi Iy apparent when 
whole-rock Ni contents exceed 0 .5 w- %; at 

lower concentrations the differences between 
occurrences are masked by internal variation 
within each occurrence, so that they cannot be 
discriminated on the bas is of s ingle sa mp ies 
(F ig . 23). 
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Fig. 23. Variation in su lfide-fraction nickel conten t as a function ofwhole rock nickel content. NIl = Niinimäki , 
HEl = Heiskalanmäki, VEN = Venetekemä, RAN = Rantala , RlE = Rietsa lo, KU = Kiiskilänkangas , SAA = 
Saarijärvi , PIH = Pihlajasa lo , KEK = Kekonen. 
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Pyrrhotite and pentlandite 

Pyrrhotite has been analyzed from all Ni-Cu 
occurrences with the exception of those at 
Saarijärvi and Heiskalanmäki and the results of 
averaged analyses are presented in Table 11. 

According to Ramdohr (1980), when the 
iron deficit (Fe, .xS) increases above the value 
0 . 100, pyrrhotite undergoes a transition from 
its hexagonal polymorph to monoclinic form. 
Hexagonal pyrrhoti te i s an tiferromagnetic 
while monoclinic pyrrhotite is ferromagnetic . 
All of the Ni -Cu occurrences in the Juva di s­
trict are associated with prominent magnetic 
anomalies and therefore itis concluded that 
the predominant form of pyrrhotite in the in-

trusions is monoc linic. This conclusion is a lso 
supported by the res ults of chemical analyses. 
Within the Kekonen intrusion, pyrrhotite 
composition varies according to prevailing li­
thology such that the pyrrhotite Fe deficit in 
peridotite is <0.1 while in gabbro it is >0.1. 
Pyrrhotite Ni contents are highest in the Pih­
lajasalo intru sio n , which also di splay s the 
highest sulfide-fraction i abundances. 

The Fe/Ni ratio of pentlandite varies be­
tween 0 .802 - 0 .97 1 and the lowest ratio is 
present in the Pihlajasalo occurrence. Each 
occurrence has its own distinctive pentlandite 
Ni/Co ratio , with the Kiiskilänkan gas having 

Tab le I\. Averaged chemie a1 com pos iti ons of pyr rh otite and pentlandite. x = th e iron defici t (Fe ,.,S) in pyrrho-
tite . 

PYRRHOTITE 

Occurrence Riet sa lo Pihl aja- Kek onen Ranta la Kii ski- Niini-
sa lo länk . mäki 

n 1I 5 15 12 10 11 
S 39.35 39.41 38 .53 39.05 38.70 39. 06 
Fe 60.65 59.57 61.41 60.82 61.08 59.88 
Ni 0.48 0.89 0.26 0.35 0.22 0 .82 
Cu 0.02 0.06 0.01 0.03 0.03 0.03 
Co 0.04 0.07 0.06 0.07 0.06 0 .06 
As 0.12 0.09 0.04 0.07 0.05 0.07 
Sum 100.66 100.09 100.3 1 100 .39 100.14 99.92 

X 0.120 0.132 0.085 0.106 0.094 0.120 

PENTLANDITE 

Occurrence Rietsa lo Pihlaja- Kekonen Rantala Kii ski- Niini-
sa10 1änk. mäki 

n 9 4 20 9 9 22 

S 33.79 33.47 33.00 32.62 33.33 32.96 

Fe 30.58 29.43 31.63 30.61 30.71 29.72 

Ni 34 .21 36.68 34.40 34.00 31.62 35.03 

Cu 0.08 0.09 0 .04 0.06 0 .05 0.06 

Co 1.18 0.62 1.19 2.12 4.70 0.94 

As 0.16 0.05 0.06 0.03 0.09 0.11 

Sum 100.00 100. 34 100.32 99.44 100.50 98.82 

Ni/Co 28.99 59.16 28 .91 16 .03 6 .73 37.27 

Fe/Ni 0.894 0.802 0 .919 0 .900 0.971 0.848 
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the highest Co abundances . Rantala also has lithological association. The highest As con-
relatively high Co , which is consistent with tents in pentlandite are found in the Rietsalo 
these two occurrences being situated quite occurrence , which also contains abundant ar-
close to one another within the same overall senides . 

Arsenides and sulfoarsenides 

A variety of arsenides are present in small 
amounts in all of the Ni-Cu occurrences stud ­
ied, with the Rietsalo occurrence containing 
them in greatest abundance . The results of 
analyses (Table 12) indicate that niccolite, 
gersdorffi te and gersdorffi te-cobalti te are 
present. Ni-Co arsenides have also been re­
ported as accessory phases in many other 
Svecofennian Ni-Cu occurrences in Finland 
(Papunen, 1980 ; Grundström, 1980 ; Isohanni, 
1985 ; Isohanni et al. , 1985 ). 

la ) BH301/37.70, Rietsal o 

(N iO.99Feo 01)0 9s(Aso.99S0 01 ) I (n i ccol i te) 
Ib ) BH301/37.7 0 , Riet sa lo 

( N iO.91 Fe o o, Co oo, ) 100(As 050S0 50) , (ge rsdorffi te l 
Ic ) BH301/37 .70 . Riet salo 

(N io."Feo.I,Co02H )096(As 049S05 1) ' (ge rs .co bal ti te ) 

T able 12. Chemi cal compositions o f arse nides. 

ARSENIDES 

Sampi e la Ib Ic 2a 2b 

n 2 3 
S 0.23 19.62 20 . 18 19.90 20.17 

Fe 0.34 2.45 5 .73 0.56 4 .99 
Ni 43 .07 32 .20 18 .97 34 .96 10.42 
Cu 0 .06 0.02 0 .00 0 .06 0 . 16 
Co 0 .04 0. 79 9 .83 0 .7 1 19 .40 
As 56.21 45 .3 6 45 .59 44.9 3 46.49 

Sum 99.98 100.44 100.30 101.12 101.63 

2a) BH311128 .80. Pihlajasa lo 
( iO.96Fe o.02Co0.Q2) 1.0 1 (ASO' 9S0.5 1), (gersdorffi te) 
2 b ) BH311/2 8.80 . Pihlaj asa lo 
( iO.30 Feo 14 COO.56)0.95 (Aso.50S0. 50), (ge rs .cobal ti te ) 
3) BH360/ 24.30. R antala 

(N iO.45 Feo. I7 Co O.3S) 1.03(Aso."S0.4, ),(gers .cobal ti te) 

Platinum group elements (PGE) 

Abundances of PGE in the Ni-Cu occur­
rences of the Juva district tend generally to be 
rather low (Pd<50 ppb) , with the highest value 
analyzed (from meter long drill core sections) 
being 1.2 ppm Pt at the Rietsalo occurrence; 
a total of 10 sampIes were analyzed from this 
locality. 

On the chondrite-normalized diagram the 
Rietsalo PGE contents plot near to those of 
Sudbury, while on the Ni/Cu versus Pd/Ir di­
agram they fal l within the MORB and ca1c­
alkali ne fields . In other words , PGE charac­
teristics reflect the basaltic character of the 
si li cate melt (Figs. 24 and 25). 

10000 ,--- ---------, 

concentration in 100% 
1000 sulfides/C1 chondrite 

100 

10 

0.1 

0.01 L-__ ---'-______ -1 

Os Ir Ru Rh Pt Pd Au 

3 

2 

17.89 

5 .91 

16.26 
0.03 

13.46 
47 .54 

101.09 

Fig. 24. Chondrite normalized (Barnes et al. , 1985) meta I 
patterns for sampies from the Rietsalo gabbro. 
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Fig. 25. Pdllr versus Nil 
Cu diagram for sampIes 
from the Rietsalo gab­
bro. Fields for the dif­
ferent rock types after 
Barnes et al. (1993). 
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MAGNESIUM CONTENT OF THE SILICATE MELT 

Methods for determining 

Petrographie studi es indicate that in man y 
in stances the rocks examined represe nt cumu­
lates and therefore formed by fractional crys­
tal lization processes. That being the case, the 
present compositions of such rocks does not 
correspond to that of the primary sili ca te melt 
from which they differentiated . 

lf it were possible to sys tematically sam pIe 
a whole intrusion, the weighted mean could be 
used to approximate th e overall bulk compo­
s iti on of the original melt , assuming that crys­
ta lli zation took place in situ, with no loss or 
repleni shment of material. The chilled mar­
g in s of intru sions where present have tradi­
tionally been regarded as representative of the 
primary melt composition , although the ef­
fects of po ssible wall rock contami nation 
should be kept in mind. 

While taking the above caveats into consid­
eration , the above two methods provide direct 

estimates of the whole-rock sili cate melt com­
position . If for some reason however it is not 
poss ible to use thi s approach , partial informa­
tion concerning the melt composition can be 
obtained by determinin g the Mg/Fe ca tion ra­
tio . 

The Mg/Fe ca tion ratio of a si li cate melt can 
be determined from the earli est cumulus min ­
era l phase s usin g the followin g relation 
(Roeder and Emslie, 1970): 

(MgO/FeO)mol' 

(MgO/FeO)m',,,,' 
( I ) 

Accordin g to the experimental studies by 
Roeder and Emslie ( 1970) Ko i s 0.30 for ol­
ivine and 0.23 for orthopyroxene and is inde­
pendent of temperature . Subsequent refine­
ments have led to a revi sed Ko for o li vine of 
0.30-0.36 (Roeder , 1974 ; Duke, 1976; Lon ghi 
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et al. , 1978; Bickle et al. , 1977 and Bickle 
1982). An value of 0.33 has been chosen for 
application to the present study. 

If it is not possible to analyze cumulus min­
erals, the whole-rock analytical data must be 
used instead. The Mg/Fe ratio for Fe-Mg sil­
icate cumulus minerals corresponds effective­
ly to the cumulate Mg/Fe ratio, from which it 
is possible to calculate the Mg/Fe ratio of the 
bulk silicate melt. It is also possible to use 
normative calculations for the same purpose. 

From the silicate melt Mg/Fe ratio it is then 
possible estimate the MgO content of the bulk 
melt. For comparison chemical data from rap­
idly cooled or quenched weakly fractionated 
material can be used, such as glass , chi lied 
margins and spinifex-textured zones in 
komatiites and picrites . Although such com­
parati ve material can also be used to deter­
mine abundances of other elements , for the 
purposes of this study, only Mg and Ni need 
be determined . 

Chemical data obtained from the literature 
(references available from author on request) 
for spinifex-textured komatiites have been 
plotted in Figure 26 in order to estimate the 
MgO content of the silicate melt, applying the 
formula: 

Mg-number = MgO/(MgO+FeO
ToT

) m- %. 

The regression line passing through the an­
alytical data will be used later to determine 
the correlation between the MgO content and 
the Mg-number of the melt. 

The results of experimental studies on melts 
of basaltic composition enable the MgO con­
tent of the parent magma to be determined as 
long as the MgO/FeO ratio is known. Based 
on the results of Roeder (1974) the partition-

ing of MgO between melt and olivine is tem­
perature dependent according to the relation: 

MgO OL log --..:.::... 
MgO L1Q 

3252 

T 
- 1.460 

(T = oK), (MgO = w-%) 

(2) 

(= regression line equation, r = 0.77 , calcu­
lated from Table I in Roeder, 1974) . 

The relationship between temperature and 
MgO content of the melt can be obtained us­
ing the results of Roeder (1974) as folIows: 

1000 
T= (3) 

0.8100 - 0.166010gMgO
U Q 

(= regression line equation , r = 0.94, calcu­
lated from Table I in Roeder, 1974) 

By combining equations (2) and (3) we ob­
tain: 

10gMgO
OL 

= 0.460210gMgO
U Q 

+ 1.174 (4) 

from which 

10gMgO
OL 

10gMgOU Q = 0.4602 - 2.55 I (5) 

By using the additional relation : 

10000 - 174.5285MgOoL Fo=lOO- (6) 
100 + 0.7825483MgO

OL 

the MgO content (w-%) of the melt can be 
obtained using the known Fo-content (m- %) 
according to: 

10gFo - log(252 .7833 - 0.7825Fo) 
10gMgOU Q = + 1.795 (7) 

0.4602 

and the En content (m- %) of orthopyroxene (K
D 

= 0.23) according to : 
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10gMgO
U Q 

logEn - log(36268.9182 - 188 . 1602En) 

0.4602 
+ 6.1409 (8) 

Because the experimental investigations re­
ferred to above were performed at tempera­
tures between 1150-1300°C and the maximum 
MgO content in the experimental runs was 
about 12 w- %, it is not possible to use the 
calculated curve for melts of ultramafic com­
position . Instead, for magmas with MgO > 12 
w- % it is possible to use the correlation be­
tween Mg-number and MgO content of 
spinifex-textured komatiites (Fig. 26). Ex­
pressed in terms of the Fo content (K

D 
= 0.33) 

we obtain the following relation : 

0 .9554 

100 - 0.67Fo (9) 

The mean FeO content of the Rantala gab­
bro chilled marginal phase and mafic dyke, 
and of the Pirilä amphibolites, is 13 w- % (Ta­
ble 5). Figure 27 shows a comparison of the 

Mg # 
y = 0.3454x~0.2588 r = 0.98 

0.8 

0.6 

0.4 

0 . 2 +-------~------~-------+------~ 
o 10 20 30 40 

MgO (w - %) 

Fig. 26. Correlation between Mg-number (Mg#) and MgO 
content in sp inifex textured komatiites. 

correlation between the calculated Mg number 
and MgO abundance for the above rock com­
position us ing both Equation 7 and an as­
sumed FeO content of 13 w-% . The compo­
sitions of the amphibolites and the Rantala 
intrusion correspond rather weil with the cor­
relation based on Equation 7, which is hence 
suitable for the rocks of the Juva district. The 
ultramafic rocks however deviate markedly 
from the curve of Equation 7 where MgO 
exceeds 12 w-% . This is because 

(MgO/FeO)M ELT 
(MgO/FeO) OL 

either changes significantly as MgO con­
tents increase above 12 w- %, or because the 
proportion of cumulus olivine increases mark­
edly. The calculated curve for 13 w- % FeO 
also agrees closely with the analyzed compo-

Mg # 

0.8 
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0.4 
X 0 

X 
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o ~ x 
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~ eq. (7) 
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Fig. 27 . Correlation between Mg-number and MgO content 
calculated from Equation (7) compared to that for Pirilä volcan­
ics (dots) as weil as Rantala chilIed margin and basic dyke 
(squares). The correlation calculated on the basis of 13 w-% 
FeOTOT is also shown. 
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sIt lons. Equations 7 and 9 will be used later 
to determine MgO abundances. The curves 
calculated on this basis intersect at an MgO 
abundance of 11.18 w-% on the MgO - Mg# 

diagram, which corresponds to a Fo content of 
84.6 m-%. Therefore, equation 9 is used for 
Fo abundances greater than this value. 

Luon teri -Heiska lanmäki zone 

Neither primary cumulus minerals nor 
chilIed margins have been recognized within 
intrusion s of the Luonteri-Heiskalanmäki 
zone, so that primary magmatic compositions 
can only be deduced using bulk rock chemis­
try . The intrusions are however , rather weIl 
exposed and a comprehensive range of sam­
pIes have been analyzed. Therefore, the me an 
chemical da ta shown in Table 2 are considered 
to be reliable and representative estimates of 
true melt compositions. On this basis the MgO 
content of the silicate melt should have been 
8.16 w-%. On the Mg# versus MgO diagram 
(Fig. 28a) the sampies plot on the 10w-MgO 
side above the curve of comparative data 
(Equations 7 and 9), possibly due to segrega­
tion and loss of olivine prior to the final stages 

o 10 20 30 40 
MgOw-% 

a 

of emplacement (compare with data for peri­
dotites in Fig. 31a); this is consistent with the 
presence of discrete olivine cumulates 
throughout the Luonteri-Heiskalanmäki zone. 

The MgO/FeO ratios of Fe-Mg minerals in 
equilibrium with the si licate melt have been 
calculated using the FeO/Ti0

2 
- MgO/Ti0

2 

molar ratio diagram (Fig. 28b), which is based 
on the theory of Pearce (1968). 

Molecular proportions of Fo or En are ob­
tained from the MgO/FeO ratio as folIows: 

b FeO(m-%) 

I OOMgO(m- %) { 

MgO(m- %) 

Fo,En --------------------­
MgO(m- %) + FeO(m-%) 

o 10 20 30 40 so 
FeOfTi0 2 

b 
Fig. 28. a) Mg-number versus MgO diagram for sampies from the Luonteri-Heiskalanmäki zone. Curves far Equation (7) and (9) 
are also shown as in simi larplots later. b) Molarratio diagram fordetermining the MgO/FeO ratio of the si licate melt in the Luonteri­
Heiskalanmäki zone. 
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Fo,En 100 
b 

I + b 

The Fo abundance calcu lated from the 
MgO/FeO ratio is 78.12 , which would corre­
spond to the olivine Fo content had this min­
eral been present in abundance ; it will be seen 
below however that in this case the principal 
Fe-Mg phase that crystallized was in fact or­
thopyroxene , so that the MgO/FeO ratio re­
lates instead to the En content. Accordingly, 
on the basis of Equation 8, the MgO content 
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of the mag ma is calculated to be 6.86 w- % . 

On the molar ratio diagram sampies from 
Rietsalo gabbro represent a silicate melt in 
equilibrium with orthopyroxene having an En 
content of between 78.19 and 82 .30 (the small 
number of sampies has resulted in a discrep­
ancy between the diagrams in Fig . 29) . Using 
the mean of these two values (80.25), the 
MgO composition of the silicate melt is cal­
culated at 7.58 w- %. Based on the same pro­
cedure , the corresponding MgO content of the 
Heiskalanmäki intrusion is 9.36 w- %. 
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Fig. 29 . Mol ar ratio diagrams for determining the MgO/FeO ratio of the silicate melt in Rietsalo gabbro . 

Peridotites 

Because all of the peridotites examined cor­
respond to Mg-rich cumulates , their average 
calculated composition does not represent 
that of the silicate melt, which must therefore 
be determined using different parameters. 

Olivine, being the first Fe-Mg silicate to 
crystallize from the melt , reflects the compo­
sition of the magma and all peridotites inves­
tigated contai n primary oli vine. Therefore , in 
contrast to the gabbroic cumulates , which 
formed via fractional crysta llization, the 
chemical compositions of the peridotitic mag-

mas can be considered as reliable estimates of 
their respective parent magmas . Table 13 lists 
the highest Fo contents (m - % ) recorded for 
each peridotite intrusion , together with for­
sterite compositions as calculated from the 
molar ratio diagrams (Fig. 30) , and also the 
highest CIPW normative forsterite contents . 

Analyzed forsterite contents and the mean 
calculated for sterite contents from the molar 
ratio diagrams for the various intrusions are 
all mutually comparable , with the biggest var­
iations being recorded by the Kiiskilänkangas 
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Fig. 30. Molar ratio diagrams for determining the MgO/FeO ratio of the parent magmas in peridotites. The steeper the regression 
line the higher the MgO content in melt (cf. Table 17). Symbols as in Figure 17. 

Table 13. Analy zed (FO
MAX

) and calculated (FO
CALC 

Foc lPw ) Fo-contents (m- %) in peridotites. 

Occurrence FO
M AX FO

CALC 
Fo

c lPW 

Pihlajasalo 84 .63 85.77 84 .24 
Niinimäki E 82.11 84.24 82.54 
Niinimäki W 80.32 80.64 81.74 
Venetekemä 81.70 81.77 81.64 
Kiiskilänkanga s 80 .27 82 . 10 79.22 
Saarijärvi N 79.45 79.28 81.85 
Saarijärvi S 78.66 79 .91 79.23 
Lumpeinen 77 .95 78 . 10 8 1.45 
Turunen 75 .69 78.99 77.22 
Kekonen 75.40 76.97 81.67 

Table 14. MgO contents for the parent magmas in per-
idotites calculated on the basi s of Fo contents . 

Occurrence Fo Mg#LlQ MgO LlQ 
(m- %) (w- %) 

Pihlajasalo 84.63 0.645 11.17 
Niinimäki E 82.11 0 .602 10.25 
Niinimäki W 80 .32 0 .574 9.61 
Venetekemä 81.70 0 .596 10. 10 
Kiiskilänkanga s 80.27 0.57 3 9 .59 
Saarijärvi N 79.45 0.561 9.31 
Saarijärvi S 78 .66 0.549 9.05 
Turunen 78 .99 0.554 9.16 
Lumpeinen 77 .95 0.538 8.82 
Kekonen 75.40 0.503 8.02 

-- - - ~-------

and Turunen peridotites; in the latter case 
however this may be an artefact of the rela­
tively small number (4) of sampies analyzed. 
Those olivines that were richest in forsterite 
were not analyzed. In many ca ses the norma­
ti ve forsterite contents correspond to those 
that were analyzed , with notable differences 
being found only for the Lumpeinen and Ke­
konen intrusions. In summary, the results of 
these comparisons indicate that the molar ra­
tio diagrams and the CIPW norms are both 
reliable in determining forsterite contents 
from whole rock analytical data . 

The Mg-number of magma in equilibrium 
with olivine has been calculated using Equa­
tion I in Table 14. Forsterite contents have 
been approximated to maximum analyzed 
contents. The Turunen olivine compositions 
were however determined from the bulk peri­
dotite composition. The MgO abundances of 
the parent magmas have been calculated with 
Equation 7, except in the case of Pihlajasalo , 
for which Equation 9 was used. 

When the data are plotted on the Mg# -
MgO diagrams (Fig. 31 a), variations in parent 
magma compositions and degrees of fraction-
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ati o n become apparent. An alyti ca l data for 
a lm os t a ll perido tites de fine horizonta l trends 
a t a give n M g-number whi ch in eac h case 
correspond s to respec tiv e maximum ana lyzed 
for ste rite conte nts. 

The horizonta l part of these trends ]je to the 
ri ght hand side of the curve fo r spini fex -tex -
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Fig. 3 1. Diagrams describing the compos ition of parent magmas in peridotites . Associated gabbros (MgO < 16 w-%) are also shown . 
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is therefore possible to argue that peridotites 
from the three latter occurrences had larger 
proportions of residual melt with respect to 
Mg-rich cumu lu s minerals than did the other 
peridotites. In the Kekonen and Kiiskilänkan­
gas intrusions this is also evident petrograph­
ically, since both are clearly differentiated 
from peridotitic to gabbroic; the other perido­
tites are represented exclusively by Mg-rich 
cumu lates and contain no gabbros. 

The AI
2
0/Ti0

2 
ratio of the magma has been 

used to describe how primitive the magma is , 
since it increases proportionally with degree 
of mantle melting. For most known komatiite 
series and chondritic meteorites this ratio is 
about 20, wh il e for basalts values increase 
steadily from about 10 as MgO contents in­
crease (Nesbitt et al., 1979). Because olivine 
does not contain significant amounts of either 
Ti or AI , the AI

2
0/Ti0

2 
ratio of the the oli­

vine-rich cumulates effectively represents the 
Al zO/Ti0

2 
ratio of the parent magma as a 

whole. Figure 31 c presents AI
2
0 / Ti0

2 
for the 

peridotites. For those sampies richest in oli­
vine (with MgO> 30w- %) it is typically 
around 10, except for the somewhat higher 
values for sampies from the Pihlajasalo and 
Niinimäki peridotites . On the basis of their 
AI

2
0/TiOz ratios the parent magma would 

have been basaltic in composition , which is 
consistent with calculated MgO contents for 
the magma . 

The Ti/V ratio for both the Lumpeinen and 
the Pihlajasalo peridotites is around 10, while 
those of the Niinimäki and Kekonen peridot­
ites are significantly higher (Fig. 3Id) . Ac­
cording to Nesbitt and Sun (1976) spinifex­
textured komatiites have Ti/V ratios of 
around 12-15, compared to 15-20 for MgO-

rich tholeiites and 20-30 for MgO-poor tholei­
ites. The Ti/V ratio of chondrites is 8.4 
(Wänke et al., 1974), so that of the Lumpei nen 
and Pihlajasalo peridotites is near chondritic 
and deviates markedly from tholeiitic values, 
this being however a consequence of pyroxene 
crystallization. The D va lues of both orthopy­
roxene and cl i nopyroxene are less than one 
for Ti and greater than one for V , according 
to the results of numerous investigations (data 
compilation by Hanski, 1983) and for this 
reason pyroxene-bearing peridotites have 
lower Ti/V ratios than their parent magmas. 

On the AFM diagrams the peridotites fall 
within a tight cluster towards the Mg-Fe tie­
line, with the proportion of alkalies being 
very small compared to that of Fe and Mg (Fig 
31 b). Because the peridotites are olivine-rich 
cumulates, they have Mg/Fe ratios very sim­
ilar to those of olivine itself and hence the 
parent magma compositions can also be in­
ferred directly from the AFM diagrams. For 
this reason the Mg-Fe side of the diagrams 
shows corresponding MgO melt values , as­
suming that the whole-rock Mg/Fe ratio in­
deed corresponds to that of olivine. For each 
intrusion , the peridotitic sampIes richest in 
Mg plot on the AFM diagram close to their 
respective calculated MgO compositions bas­
ed on their forsterite contents (Table 14) . 
Thus the AFM diagram is a very simple and 
effective indicator of the parent magma com­
position for olivine-rich cumulates. 

All peridotites plot within the tholeiitic 
field on the AFM diagrams, indicating that the 
parent magma to the peridotites must have 
been a tholeiitic basalt with an MgO content 
of between 8-11 w- %. 

Ultramafic volcanics and sills and amphibolites 

The mean MgO content of the ultramafic 
rocks varies between 14.72-23.89 w- % (Table 
5) and because primary textures indicate that 
at least some of these rocks represented lava 

f1ows, those having MgO > 18 w- % would be 
classified as komatiites , while those with less 
than 18 w- % MgO are classsified as komati­
itic basalts (Arndt and Nisbet, 1982) . On the 



Geological Survey of Finland , Bulletin 386 53 
1.9 Ga tholeii tic magmatism and related Ni -Cu deposition in the Juva area, SE Finland 

180 10 

MgOm0 2 MgO/AI 20 3 
MgO/FeO = 3.322 

160 
9 

MgO/FeO = 3.509 

I~O 

8 

120 

1 

100 

6 
80 

x x 

60 
5 

~O 

10 20 30 ~o 50 1. 0 I.S 2 .0 

FeOm0 2 

Fig. 32. Molar ratio diagrams for determining the MgO/FeO ratio of the parent magma in the Rantala ultramafic sill . 

basi s of the following analy sis it is however , 
apparent that the MgO content of the parent 
magma to the ultramafic rocks was consider­
ably les s than that of the analyzed sampIes. 

The ultramafic rocks do not contain any 
prim ary olivine or orthopyroxene and there­
fore estimates of the Mg/Fe ratio of the mag­
ma mu st be inferred from whole-rock geo­
chemistry. Scatter on the molar ratio dia­
grams is in many cases so large that reliable 
estimates cannot be made but the correlation 
coefficient for the Rantala sampIes is suffi­
ciently high as to allow cal culation of a for­
sterite composition of 77 .34 m- % (Fig. 32, 
mean) . 

On the Mg# - MgO diagrams the Pirilä ul­
tramafic rock s and amphibolites plot close to 
the curve for spinifex-textures rocks, whereas 
those sampIes richer in Mg tend to form a 
cluster near the field for peridotites, slightly 
below a value of 0.8 on the Mg# axis. The 
mean Mg- number for the Rautjärvi ultramafic 
rock is 0 .78, according to which its forsterite 
content should be 78 m- % (Fig . 33a) . 

The CIPW normative forsterite contents 
and those calculated from the molar ratio di­
agrams are presented in Table 15 together 

with the calculated Mg-numbers and MgO 
contents. Forsterite contents for the Rantala 
and Rautjärvi sampIes have been calculated 
directly from the molar ratio da ta but becau se 
of the small number of analyses available for 
the other occurences it has also been necess ary 
to use CIPW normative forsterite contents. 

The MgO contents of the chilIed margin of 
the Rantala gabbro vary between 8.45 w- % 
and 10.52 w- % (Table 5). The calculated MgO 
content of the parent magma to the Rantala 
ultramafic rocks is very close to these values , 
suggesting that the gabbro and ultramafic 
rocks are indeed comagmatic. 

Even though the estimated MgO abundances 
of the parent magma to the ultramafic rocks 
are not as reliable as for the peridotites, the 
results for each ultramafic occurrence are 
nevertheless of the same order of magnitude . 
The inferred MgO content of the parent mag­
ma is appreciably lower than the mean ana­
Iyzed MgO contents and is approximately the 
same as that of the peridotites . The AI 20 / Ti0 2 

ratios of many of the ultramafic units, as weil 
as that of the Rantala gabbros is close to 10, 
which is a lso comparable with the peridotite 
values (Fig. 33c) . Thi s too indicates a common 
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Fig. 33. Diagrams describing the composition ofparenl magmas in ullramafic vo1canics and sill s, amphibolites and Rantala gabbro. 
Symbols as in Figure 18. 

tholeiitic parent magma. The low Ti/V ratio of 
the Rantala ultramafic rocks, wh ich is also 
simi lar to that of the peridotites , furthermore 
suggests that the former crystallized via the 
same kind of fractionation processes as the 
peridotites. The Pirilä samp Ies that are richest 
in MgO were not analyzed for V a lth ough the 
Ti/V ratios of the MgO-poor ultramafic rocks 

are the same as those of the amphibolites (Fig 
33d). 

How can the higher MgO ab und ances of the 
ultramafic volcanics compared to those of the 
parent magma be explained? One plausible 
interpretation is that crystal li zation took pI ace 
along the wall s of feeder channels prior to 
intrusion or eruption. In this case olivine ac-
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Table 15. MgO eontents for the parent magmas in ultra­
mafie voleanie s and s ills ealeulated on the bas is of 
Fo eontents. 

Oeeurrenee Foc lPw Fo
c ALC Mg#UQ MgOUQ 

(w-%) 

Pirilä 79.52 0.562 9.34 
Rantala 83.80 77.34 0.530 8.62 
Rautjärvi 81.20 78.00 0 .5 39 8.83 
Myll ynkylä 77.34 0 .530 8.62 
Pakinmaa 79.41 0 .560 9.30 
Levä nomainen 79.40 0 .560 9 .30 

cumulation could have led to the intrusion of 
olivine-enriched sills or eruption of o li vine­
rich lavas. If for instance , 20 w- % of olivine 
Foso were added to a magma with an original 
MgO content of I I w- % (which corresponds to 
about 18 % on a volume basis), then the total 
MgO content would increase to 17.2 w- %, 
which is broadly the same as that of the mean 
values for the ultramafic sills and volcanics 
(14 .72-23.89 w- %, Table 5) . 

On the AFM diagrams the ultramafic rocks 

and amphibolites plot clear ly within the tho­
leiitic field , as do the data for the marginal 
phases of the Rantala gabbroic intrusion (Fig. 
33b) . According to the classification dia­
grams presented by Viljoen et al. (1982) the 
Rantala sam pIes te nd to generally plot as Mg­
tholeiites. Both Kousa (1985) and Viluksela 
(1988) c lasssified the amphibolites as tholei­
itic basalts. The hornblende amphibolites of 
the Virtasalmi area also have compositions 
corresponding to tholeiitic basalts (Suvanto, 
1983; Lawrie, 1992). 

The MgO contents of the parent magmas to 
the studied units (includin g the gabbro-peri­
dotite intrusions and ultramafic sills and vol­
canics) overlap with those of the amphibo­
lites, wh il st the composition of the chilIed 
margin to the Rantala gabbro corresponds to 
the mean composition of the amphibolites 
(see Table 5) . It is therefore reasonable to 
conclude that the amphibolites represent the 
extrusive equivalents of the intrusive tholei­
itic magmatism. 

GEOTECTONIC SETTING OF MAGMATIC ROCKS 

The geotectonic setting of the magmas has 
been inferred from the discrimination dia­
grams presented in Figures 34a-j. Although 
these diagram s were originally devised for 
voIcanic rocks that are assumed to have under­
gone relati vely li mi ted fractional crystall iza­
tion , they can nevertheless be extended with 
so me confidence to discrimination between 
different kinds of cumulate compositions. 

On the MgOIIO - CaO/Alp3 - SiO/IOO tri­
angular plot (Fig. 34a), the more felsic differ­
entiates lie principally within the field of un­
altered magmatic rocks. This contrasts with 
the data for the ultramafic differentiation 
products, which are scattered along a trend 
close to the MgO/lO - CaO/AI

2
0 3 side of the 

diagram ; this is attributed to relative varia­
tions in the abundances of clinopyroxene and 
orthopyroxene. Some of the Pirilä amphibo-

lites have slightly higher CaO/AI
2
0

3 
ratios 

than those of unaltered magmatic rocks . Meta­
somatic changes are indicated for rocks of the 
Luonteri-Heiskalanmäki zone, based on the 
molar ratio diagrams (Fig . 36) and thi s prob­
ably accounts for their relatively broad scatter 
on the discrimination diagrams in Figure 34. 

On the MgO-Fe
2
0 noT diagram (Fi g . 34b) , 

both the Pirilä amphibolites and the Rantala 
mafic dyke and chi lied margin follow frac­
tionation trends for oceanic and continental 
tholeiites, whereas the gabbros of the Luon­
teri-Heiskalanmäki zone lie along island-arc 
tholeiitic trends . On the MgO - FeO TOT -

AI
2
0 3 triangular plot (Fig. 34c), the gabbros 

mostly fall withi n the ocean ridge or floor and 
orogenic fields, the latter being represented in 
particular by the more felsic differentiates of 
the Luonteri-Heiskalanmäki zone. Most sam-
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p ies lie within the MORB field on the FeO/ 
MgO - Ti0

2 
diagram (Fig . 34d), while on the 

Ti/Zr - AI
2
0/Ti02 diagram (Fig. 34e), data 

fall within both the MORB + komatiite and 
island are fields. Nevertheless, almost all of 
the sampies that are eonsidered to be most 
representative of primary melt eompositions, 
namely the amphibolites and rapidly chilIed 
marginal phases of the Rantala intrusion, plot 
within the MORB + komatiite field. The V/ 
(Ti/lOOO) diagram effeetively diseriminates 
between island are voleanies and oeean floor 
basalts (Fig. 34f) and shows that in the 
present ease , most gabbro sampies fall within 
the oeean floor field , with a tendeney for the 
peridotites to plot within the island are vol­
eanie field; similar results are also obtained 
when the data are plotted on the Ti/Cr - Ni 
diagrams (Fig . 34g) . On the Ti - Zr plot (Fig. 
34h), sampies best approximating primary 
melt eompositions tend to fall within the 
MORB field, while other sampies lie typieally 
within the island are voleanie field . However, 
the MgO-rieh eumulates , whieh are eharaeter­
ized by low Ti and Zr abundanees , fall outside 
the island are voleanie field , thus indieating 
that at least some of the other sampies only 
plot as are voleanies beeause of magmatie dif­
ferentiation processes . The gabbros that have 
MgO contents overlapping with those of the 
amphibolites are nevertheless typieally rieher 
in Zr than the amphibolites and thus still plot 
within the island are field. Whether or not this 
relative enriehment in Zr ean be attributed to 
erustal eontamination , is a problem that will 
be addressed later. There is a lack of suitable 
and abundant data for plotting on MORB type 
diserimination diagrams although the Nb - Zr 
and La - Ba plots (Figs . 34 i and j) suggest that 
in most eases the rocks analyzed ean be clas­
sified as either T-MORB or E-MORB. The 
sampies eorresponding to primary melt eom­
positions also fall generally within the MORB 
field, whereas the eumulates plot in the oro­
genie andesite field . 

In eonelusion, the diserimination diagrams 

indieate that the rocks investigated have both 
MORB (E- and T -types) and lAB eharaeteris­
ties. Magmatie differentiation processes have 
nevertheless led to dispersion of data such 
that more analyses plot within the lAB field 
than would be expeeted from the unfraetion­
ated eompositions. Even though magmas are 
thus best elassified as E-type and T-type 
MORB, it is still not possible to draw defin­
itive eonelusions about geoteetonie setting 
sinee these rock types are found in diverse 
environments , such as elevated oeean ridge 
segments (Wood et al., 1979), seamounts 
(Taras and Hart , 1987), passive margins (Fo­
dor and Vetter , 1984), back are basins (Marsh 
et al., 1980; Saunders and Tarney , 1984 ; 
Volpe et al. , 1988) and intraplate eontinental 
flood basalts (Ewart et al., 1989) . Lawrie 
(1992) eonel uded that the metatholeiites of 
the Virtasalmi area, whieh lies immediately to 
the west of the Juva distriet, were formed in 
a passive plate margin setting. 

On the MORB-normalized element abun­
danee diagrams (Fig . 35), rock types have 
been subdivided as folIows: 

a) those eorresponding to primary melt 
eompositions (amphibolites and the rapidly 
chilIed marginal phases of the Rantala gabb­
roie intrusion); 

b) ultramafie sills and lavas; 
e) gabbros, and 
d) peridotites. 

All of these display elevated Rb and Ba 
abundanees, whieh is a eharaeteristie feature 
of 1.9 Ga Sveeofennian basalts (Ekdahl, 1993; 
Lahtinen, 1994; Kähkönen and Nironen, 1994; 
Viluksela, 1994) as weil as within ultramafie 
intrusions of similar age (Peltonen , 1995b). A 
wide variety of modern basalts are also en­
riehed in these elements, ineluding island are 
tholeiites, within plate basalts (such as E­
MORB) and both oeeanie and eontinental 
ealc-alkaline basalts (Pearee, 1983 ; Pearee et 
al., 1984); it is aecordingly very difficult to 
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Fig. 35 . MORB normalized (Pearce, 1982) element patterns for the different rock types. a) amphibolite and Rantala gabbro; b) 
ultramafic ills and lavas; c) gabbros; d) peridotites. 

use these observations in determining tectonic 
setting of magmatism. Furthermore, because 
analytical data are not available for all of the 
elements normally used in tectonomagmatic 
classification, no firm conclusions can be 
made . However, the general increase in dis­
parity between La and Cr abundances when 
progressing from amphibolite to ultramafic 

sills and lavas to gabbros and peridotites ap­
pears to reflect a corresponding increase in 
the abundance of mafic cumulus mineral . 
Similarly , the generally uniform element var­
iation trends for different rock types suggests 
that all are derived from a common parent 
magma . 
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FRACTIONAL CRYSTALLIZATION AND 
MAGMATIC DIFFERENTIATION 

Luonteri-Heiskalanmäki zone 

Changes in chemical composition within in­
trusions of this zone are not reflected in their 
mineralogy and therefore differentiation proc­
esses have been assessed on the basis of whole 
rock chemistry a lone ; essential features are 
summarized in the diagrams in Figure 36. 

An estimate of 6.86 w- % was obtained for 
the MgO content of the primary si li cate melt 
for the Luonteri-Heiskalanmäki zone. On the 
AFM diagram , sampIes containing this 
amount of MgO plot close to the cu lmin ation 
of the cluster of data points ; analyses plotting 
between here and the MgO apex thus repre­
sent MgO-rich cumu lates , while those trend­
ing towards the alkali corner represent resid­
ual melts contain in g late-stage plagioclase 
and quartz . It is also noteworthy that this 
residual melt is actually calc-alkaline in char­
acter, wh ich could be a result of contamina­
tion by country rock sed iments , or else addi­
tion of alkali e lements during metamorphism. 

Molar ratio diagrams based on the theory of 
Pearce (1968) show that the crystallizing Mg­
rich mineral has been orthopyroxene . Another 
fractionat ion trend can be identified on the 
same diagram as a nearly vertical lin e corre­
sponding to an (FeO+MgO)/Si0

2 
ratio of 

around zero and representing the crystal li za­
tion of plagioclase and quartz. 

It is also evident from the CMA diagram 
that the Mg-rich cumu lu s mineral has been 
orthop yroxene rather than c lin opyroxene 
s ince if significant amounts of clinopyroxene 
had existed, the data points would be located 
c lose r to the CaO apex. There is also a marked 
change in the trend appproac hin g the AI

2
0

3 

apex, which is attributed to the onset of exten­
sive plagioclase crysta lli zation. 

Differentiation processes are a lso weil dis­
played on the MgO-DI diagram. The orthopy­
roxene cu m u lates defi ne thei r own trend 
which intersects the trend of the more felsic 
differentiates along the MgO axis at a va lu e of 
around 6 w- %, w hi ch is c lose to the inferred 
composition of the melt. 

The steady increase in Cr within silicate 
phases as a function of MgO content is also 
apparent from the Cr-MgO diagram , which is 
a lso consistent with the absence of chromite 
from the gabbros . This also indicates that the 
crystallization of pyroxene was dominant 
since no such corre lation would be expected if 
olivine had been crystallizing , Cr being less 
readily incorporated into the oliv ine lattice . 

Some sampies do however show normative 
olivine. The diagram (plagioclase) - (clinopy­
roxene) - (orthopyroxene + 4 x quartz) repre­
sents the basalt tetrahedron (plagioclase) -
(c linopyroxene) - (orthopyroxene) plane, onto 
which the olivine-bearing samp ies have been 
projected. The boundary lin es on the diagram 
have been drawn from the liquidus curves 
compi led by Irvine (1970) , according to 
which orthopyroxene and plagioclase com­
menced crystallization after olivine (Fig . 37). 

Scatter on both the AFM and molecular 
ratio diagrams is rather large and is consid­
ered to reflect metasomatic processes. This is 
quite like ly given the smal l size of the intru­
sions and the high grade of regional metamor­
phism, which was accompanied by the em­
placement of widespread potassic granitoids . 

In conclusion , the crystall ization history of 
the Luonteri-Heiskalanmäki zone can be sum­
marized as foliows . The mean MgO content of 
the melt was about 6-7 w- % and the early 

Fig. 36 (on the right). Diagrams depicting magmatic differentiation in Luonteri -Heiskalanmäki zone. FM = FeOror + MgO; cpx = 
c1inopyroxene, opx = orthopyroxene, 01 = olivine; DI = differentiation index (TilI, 1977). 
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XX 

PLG OPX+4QZ 

stages of erystallization were dominated by 
the formation of orthopyroxene. The intru ­
sions in the northern part of the zone tend to 
have the eumulates rieher in Mg , with values 
loeally exeeeding 18 w- % MgO. With eon tin ­
ued erystallization , the Mg and Fe eontents of 
the remaining melt fel l to levels where plagi­
oelase and quartz were the main phases to 
erystallize, with the MgO eontent of the most 
felsie differentiates being less than 2 w- % . 

Fig. 37. Olivine normative sampIes on the plagioclase-clinopy­
roxene-orthopyroxene+4xquartz projection of basalt tetrahe­
dron. Liquidus curves after lrvine ( 1970). 

Peridotites 

The molar ratio diagrams in Figure 38 show 
that the predominant Mg-Fe-bearing eumulus 
phase in the peridotites was olivine, exeept in 
the ease of Lumpeinen, where pyroxene was 
a lso erysta lli zing in notable amounts. The di­
agrams do not show very mueh seatter, indi­
eating that ehemieal eompositions have not 
been significantly affeeted by post - magmatie 
proeesses. 

Crystallization trends subsequent to olivine 
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erystallization have been dedueed from the 
basalt tetrahedron (p lagioelase) - (clinopyrox­
ene) - (orthopyroxene + 4 x quartz) plane 
(Fig. 39a). C linopyroxene and orthopyroxene 
erystallization took plaee at the Lumpeinen, 
Turunen, Venetekemä and Pihlajasalo oeeur­
renees , in eontrast to the erystallization of or­
thopyroxene and plagioelase in the Niinimäki , 
Saarijärvi , Kekonen and Kiiskilänkangas in­
tru s ions . Di fferenees in respeeti ve normati ve 
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Fig . 38 . Molar ratio di ag rams indicating crystalli zing phases in peridotites. FM = FeOrOT + MgO. Symbols as in Figure 17. 
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Fig. 39. Peridotite sampies and sampies of associated gabbros on the plagioc lase-c linopyroxene-orthopyroxene+4xquartz 
projection of basalt tetrahedron (a) and on CMA diagram (b). Liquidus curves after lrvine (1970). Symbols as in Figure 17. 

mineral compositions are also consistent with 
modal mineralogy. Only the Sa arijärvi , Keko­
nen and Kii sk ilänkangas peridotites contain 
intercumulus plagioclase . These conclusions 
can also be made from inspection of the CMA 
diagram (Fig . 39b). Those peridotites with 
abundant cl inopyroxene show increasing Cal 
AI ratios with decreasing Mg abundances, 
whereas the converse applies to those rich in 
orthopyroxene. Gabbros from the Luonteri­
Heiskalanmäki zone plot in the Mg-rich parts 
of the CMA diagrams, together with the gab­
bros rich in orthopyroxene (compare with Fig. 
36). There is a distinct compositional gap be­
tween the peridotites and gabbros of the Pih­
lajasa lo, Niinimäki and Saarijärvi intrusions , 
but continuous compositional variations are 
observed for the Kekonen and Kiiskilänkangas 
intrusions. 

Mäkinen (1987) classified Svecofennian 
mafic and ultramafic intrusions in Finland into 
Vammala-type and Kotalahti-type intrusions , 
the latter containing abundant normative or­
thopyroxene , in contrast to clinopyroxene in 
the former group. These differences were then 
attributed to differences in the origin of the 

magmas, the Kotalahti intrusi ons being re­
ga rded as derived from a deeper level primary 
magma than the Vammala magmas. Melting at 
deeper level s would be more extensive and 
result in a magm a poorer in Ca than that 
formed at higher levels, where melting of 
clinopyroxene would predominate. 

The possibility of contamination provides 
an alternative explanation for the differences 
between the Kotalahti and Vammala magma 
types since the assimilation of country-rock 
sediments leads to an increase in Si content, 
allowing orthopyroxene to crystallize directly 
after olivine, even though the primary melt 
composition would favour the crystallization 
of clinopyroxene (Schiffries and Rye , 1989). 
The CaO/AI

2
0

3 
ratio of the magma would also 

approach that of the Kotalahti-type intrusions 
by progressive sediment contamination and 
hence the orthopyroxene-rich Kotalahti intru­
sions would represent more contaminated 
magmas than the Vammala-type intrusions . 
Moreover, becau se intrusions of both type are 
present in the Juva district , they are not nec­
essarily restricted to distinct magmatic prov­
inces . 
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A further possibility is that of mantle het­
erogeneity, in which case the Kotalahti-type 
would represent enriched mantle and the 
Vammala-type would correspond to depleted 

mantle, as proposed by Lahtinen (1994). The 
merits of each of these possibilities will be 
considered later. 

Ultramafic volcanics and sills and amphibolites 

It is evident from the molar ratio diagrams 
that the ultramafic rocks record o livine frac­
tionation trends while the amphibolites reflect 
crystallization of clinopyroxene (Fig. 40) . On 
the basis of the (plagioc lase) - (clinopyroxene) 
- (orthopyroxene + 4 x quartz) projection, the 
ultramafic rocks crystallized orthopyroxene 
and cl inopyroxene after olivine. Only the Pirilä 
ultramafic rocks plot partly within the plagi­
oclase fjeld , while the Pirilä amphibolites and 
the gabbros of the Rantala intrusion fall within 
both the plagioc1ase and clinopyroxene fie lds. 
The chilIed margin of the Rantala gabbro and 
the Rantala mafic dyke have compositions 
within the orthopyroxene field , according to 
wh ich the crystallization sequence should have 

300 

Si02fTi0 2 l 

200 

laO 

o laD 200 

~+ 
0 

0" 

300 

FMfTi0 2 

'" AMPHIBOLITE 

• UL TRAMAFIC 
EFFUSIVE ANO 
SILL 

been o li vine - orthopyroxene - (clinopyroxene) 
- plagioc1ase (Fig. 41a). 

In comparison to the peridotites , the ultra­
mafic volcanics and sills lie closer to the liq­
uidus curves , principally because the amount 
of intercumulus melt in these rocks was greater 
than in the peridotites . They also plot differ­
ently to the peridotites on the CMA diagrams, 
lying along the olivine crystallization trend 
between CaO-poor and CaO-rich peridotites, 
and thus resembling Archean komatiites 
(Green and Naldrett , 1981) . The Pirilä amphi­
bolites deviate somewhat from this trend be­
cause of their higher CaO/ AIP3 ratios (Fig. 
41 b). 
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REE I NVESTI GA TIO NS 

Rare earth elements have been analyzed for 
37 sam pies (App. 3) and ehondrite-normalized 
results overall resemble tho se of eontinental , 

Ri e tsa lo gabbro. As MgO eontents inerease 
from 5 .25 w-% to 11.47 w-%, La

cn 
deereases 

island are , plate margin tholeiites and tholei- 1000r---------- - - - -------, 

itie intrusion s (Fig. 42). The intrusions of the 
Juva distriet deviate from N-type MORB in 
having higher LREE abundanees and general­
ly falling or s lightly inereasing LREE trends. 
There are neve rtheles s similarities with E­
type and transitional MORB. 

Fraetional erystallization results in up to 
ten times differenee in REE abundanees be­
tween the more felsie and mafie differentiates 
(Fig . 43 ), whieh should be kept in mind when 
eomparing REE data from different oeeur­
renees. Fi gure 44 eompares stratigraphie var­
iat ions in REE abundanees throughout the 

Fig. 42 (on the ri ght). Chondrite normali zed REE patterns for 
the mafie and ultramafic rocks ofthe Juva area. Chondritie REE 
concentrations after Boynton ( 1984) as e lsewhere in this work. 
Forcomparison REE patterns for tholeii ti e intrusions (between 
the thiek lines) and continental , island are and back are basin 
tholeiites (stippled areal are shown (Cullers and Graf, 1984, 
Figures 7.7 and 7.8) . 
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Fig. 44. Variation of chondrite normalized REE contents and MgO content in BH303 from the Rietsalo gabbro. 

from 77.4 to 52.9, while La j Sm
en 

and La j 
Lu ratio s rem ain almost eonstant. The sam-

en 

pie from a depth of 98 m represents the mar-
ginal phase of the intru sion about 9 m from 
the eontaet with the eo untry-roek gneisses. 
The results elearly show elevated La abun-

danees and ehondrite-normalized La/Sm and 
La/Lu ratios that are probably a result of eon­
tae t eontamination proeesses. 

Comparison of REE data from different in­
trusions reveal s the following features: 

1) gabbros tend to have higher REE abun-
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dan ces than peridotites; 
2) Kotalahti-type (orthopyroxene-rich) and 

Vammala-type (clinopyroxene-rich) peridot­
ites are clearly separate from one another, 
with the Kotalahti-type being characterized 

by higher LREE abundance and a falling 

trend. In contrast, the Vammala-type sampies 
have gently decreasing or increasing LREE 
trends. The chondrite-normalized La/Sm ra­
tios of the Kotalahti-type peridotites range 
from 2.30-3.08 and for the Vammala-type 

peridotites from 0.61-2.61. 
3) Many of the peridotites that are serpen­

tinized have either negative or positive Eu 

anomalies (Fig. 45). 
The first of the above features can be ex-

plained in terms of normal fractional crystal­
lization since the REE content of the melt 
increases progressively with crystallization. 
This cannot be the case for the second feature 
however , since MgO and other variables that 

describe differentiation processes , including 

Fo content, Mg-number and MOl are very 
similar for the Vammala-type and Kotalahti­
type intrusions. The third feature , namely ir­
regularities in Eu abundance, is likely to re­
sult from Eu 2+ mobility during the serpentini­
zation process itself (Sun and Nesbitt, 1978), 

especially since the anomalous va lues are es­
sentially restricted to the serpentinized lithol­

ogies. 

Sm-Nd INVESTIGA TIONS 

Seven of the sampies were analyzed for Sm 

and Nd isotopic ratios at the Geological Sur­
vey of Finland Isotope Laboratory (Table 16). 

Two sampies of Kotalahti-type peridotite 
were selected (Saarijärvi BH36 tl170.05 and 
Niinimäki BH344/l77.1 0) , as were three 
Vammala-type peridotites (Turunen BH 13/ 
54.25 , Lumpeinen BH374/l42 .35 and Pihla­
jasalo BH307/61.50) , of which the Pihlajasalo 
sampie ha s a chemistry transitional between 

the Vammala and Kotalahti types , and finally , 

a sampie from an ultramafic sill (Rantala 

BH366/56.70) and a gabbro (Rietsalo BH303/ 
84.10). 

Nd-epsilon va lues have been calculated 

using an age of 1.88 Ga, which is considered 
to be a representative age for Svecofennian 
Ni-bearing intrusions in Finland. Values for 
E

Nd
(l.88Ga) are between 0.4-2.4 , with the val­

ues for Vammala-type intrusions being higher 

than those for the Kotalahti-type intrusions. 

All sampies however have EN/ 1.88Ga) values 

Table 16. Isotope composition s for samarium and neodymium. 

Sampie Sm Nd 147Sm/144 d 143Nd / 144 Nd 
E Nd T(DM ) 

ppm ppm (±2crm ) (1880 Ma) Ma 

BH361 / 170.05 prd (k) 3.37 15. 82 0.1289 0.5 I 182 3± I 0 0.4±0. 3 2193 
BH344/ 177 . 1 0 prd (k) 0.56 3.12 0.1091 0.511609±14 1.0±0.4 2088 
BH307 /61.50 prd (v) 0 .68 3 .01 0.1 374 0.51 1968± 13 1.2±0.4 2145 
BH374/l42. 35 prd (v) 0 .89 2.62 0.2058 0.512825± 16 1.4±0.5 

BHI 3/54.25 prd (v) 1.92 6 .71 0 . 1733 0.512472±10 2.4±0.4 
BH366/56. 70 umaf 1. 20 4 .60 0 . 1574 0.51 22 52±28 1.9±0.7 2146 
BH303/84 . 10 g b 4 .27 20. 89 0 . 123 5 0.511 8 16±8 1.6±0.3 2072 

Enor in 14' Sm/ 1" Nd is 0.4 % . 14·' Nd/ 144Nd ratio is normali zed to 146Nd/ 144 Nd = 0.7219. Average value for LaJolla 
s tandard wa s 0 .51185± I (SD ,N = I I). T(DM) is calculated according to DePaolo (1981). prd(k) = Kotalahti 
type peridotite, prd(v) = Vammala type peridotite , umaf = ultramafic s ill, g b = gabbro. 
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Cousens and Ludden (1991). 
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lower than th e depleted mantle figure of 3.7 4 
(ca1cul a ted acco rdin g to DePaolo , 198 1), in­
dicati ng e i ther deri vat i o n from hete rogeneo us 
mantle or va ri ab le co ntaminati o n of mag ma 
derivated from depleted mantle with c ru s ta l 
material (F ig. 46). 

When the data are plotted on a '43Nd/ '44Nd 
versus '47Sm/'44Nd diag ram they defi ne an ar­

ray providing an initi a l '43Nd/'44Nd ra tio of 

0 .51019 and a mag matic age es tim a te of 
1.970± 133 M a. The large sca tter a nd hi g h 
MSWD va lue of 10.3 nevertheless indicates 
that the y form a heterogeneo us popul a ti o n and 
little significance s ho uld be attached to the 

0 .51 +-----i---+--+-----i----I result. Although th e dat a make re liabl e co n-
o 0.05 0.1 0 .15 0.2 0.25 clusions di fficult, the Ra ntala ultramafic sa m-

147Sm/144Nd 

Fig. 47. I43Nd/ '44Nd versus 14'Sm/'44Nd diagram for sampies 
from Ju va (dots) , Kalevian and Svecofennian metasediments 
(crosses, Huhma, 1987) and Archean metasediments and gran­
itoids (ti cks, Huhma, 1987). 

pie (BH366/56 .70) nevertheless plots within 
the array a nd indicates that it does not belong 
to aseparate mag matic event or so urce. The 
Kotalahti -type peridotite sampie s plot at the 
lower e nd of the array, while th e Vammala-
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type sam pIes plot at the upper end, thereby 
indicating that the Kotalahti-type sampIes had 
a lower initial Sm/Nd ratio than the Vammala­
type sampIes. This difference cannot be ex­
plained by variations in the relative propor­

tions of clinopyroxene and orthopyroxene 

since both minerals have relatively uniform 

Dsn,lD
Nd 

ratios of around 1.6. The abundance 
of plagioclase is higher in the Kotalahti-type 

rocks and because plagioclase has a DSm/D Nd 

ratio of around I , addition of plagioclase will 
tend to lower the whole-rock Sm/Nd ratio of 

the peridotite. Increasing apatite abundance 

(Dsm/D Nd = 0.8) produces the same effect (data 
compilation by Jacobsen and Wasserburg , 
1979). 

It is possible that the chord in Figure 47 
represents the mixing of older crustal material 

with mafic magmas. If Svecofennian or Ka­
levian sedimentary material were added to the 

Juva sampies , the array would become steeper 
and the initial 143Nd/ 144Nd ratio would become 

correspondingly smaller. 

A CONTAMINATION MODEL 

Because the Vammala and Kotalahti-type 
intrusions are both present in the Juva district 
and have similar olivine compositions and 
Mg-numbers , as weil hosting in generalore 
deposits of similar compositions (Papunen 
and Gorbunov, 1985; Ekdahl , 1993), it is 

therefore most likely that their differences 
relate to processes after magma genesis rather 
than representing different degrees of mantle 
melting or sources. Secondary phenomena, 

Olivine, Kotalahti type 
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such as early metamorphic metasomatic 
changes are however , considered unlikely, 
since the intrusions are spatially associated 
and have experienced the same metamorphic 
events. The degree of serpentinization of the 

Vammala-type and Kotalahti-type intrusions 

is also very similar and furthermore , the high­
er CaO content in olivines of the Vammala­
type intrusions indicates that th e different 
CaO/AI

2
0 3 ratios reflect differences in melt 

Olivine, Vammala type 
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Fig. 48. CaO content in oli vine o f Kotalahti type (Niinimäki , Saarijärvi) and Vammala type (Lumpeinen , Pihlajasalo). 
Detection limit for CaO is 0.0060 w-%. 
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composltlOn rather than post-crystallization 
alteration (Fig. 48). It should be kept in mind 
however, that olivine CaO abundances are 
rather cIose to the analytical detection limit of 
the microprobe. 

The chilled margin of the Rantala gabbro, 
together with the nearby mafic dyke and Pirilä 
amphibolites most closely approximate the 
parent magma composition of the intrusions 
studied. All of these sampIes have chondritic 
normalized La/Sm ratios of < 2 (Fig. 45 and 
Viluksela, 1988), which corresponds to the 
composition of the Vammala-type intrusions. 
The REE abundances of the Rantala gabbro 
chilIed margin and mafic dyke are neverthe­
less high with respect to those of the amphi­
bolites, which strongly implicates the role of 
contamination (compare Rietsalo gabbro in 
Figure 44). For this reason, the Pirilä amphi­
bolite is considered to best represent the com­
position of the primary melt, and has a chon­
dritic normalized La/Sm ratio of 1.08 (Viluk­
sela, 1988). 

During fractional crystallization the chon­
dritic normalized La/Sm ratio should steadily 
decrease in mafic cumulates compared to that 
of the parent magma, principally due to pref­
erential incorporation of Sm into cumulus ol­
ivine and pyroxene (data compilation by 

1000.00 

REE (cn) 100.00 

Hanski, 1983) . An increasing LREE trend is 
apparent only for some of the Vammala-type 
peridotites , so that the Vammala-type intru­
sions are considered to more reliably repre­
sent primary melt compositions. 

In order to obtain rocks with the REE char­
acteristics of the Kotalahti-type intrusions 
from an initial composition corresponding to 
that of the Vammala-type magmas, it is nec­
essary to either increase the proportion of 
melt containing higher and negative sloping 
REE - and particularly LREE - abundances, or 
to selectively remove from the melt those 
components that contain low abundances of 
REE with positive sloping patterns. Whichev­
er solution is correct, it must be compatible 
with the difference in CaO/AI

2
0

3 
ratios of the 

Vammala- and Kotalahti-type intrusions. 
In the case of the first alternative, crustal 

contamination is a likely possibility , since as­
similation of the present country rocks, as 
weil as any Archean granitic basement at 
depth, could shift the REE characteristics of 
the Vammala-type magmas towards that of the 
Kotalahti intrusions. Both the Archean base­
ment and Svecofennian (so-called Upper Ka­
leva) sediments are suitably enriched in REE 
and have negatively sloping LREE patterns, 
as shown in Figure 49 (O ' Brien et al., 1993; 

• PAAS 

~NASC 

--+-- ES 

10.00~-+-+--+-+--;--~~~~--~-+--+--+--+--;~ 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Vb Lu 

Fig. 49. Chondrite normalized REE pattern for upper crust. PAAS = Post-Archean average Australian 
shale (Nance and Taylor, 1976), NA SC = North American shale composite (Haskin et al., 1968), ES = 
European shale composite (Haskin and Haskin, 1966). 
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Huhma, 1987 ; Asko Kontinen, personal com­
munication). This kind of contamination 
could also explain the different CaO/AI 20 3 

ratios of the Vammala-type and Kotalahti­
type intrusions since the CaO/AI

2
0

3 
ratio 

could be expected to drop dramatically as 
sediments are assimilated. 

In the case of the second alternative , the 

crystallization conditions of the melt are crit­
ical, since at moderately high (> 3 kbar) to 
high (> 10kbar) pressu res , cl i nopyroxene 
commences crystallization at an earlier stage, 
corresponding to higher MgO contents, than 
at lower pressures (Elthon , 1993). If fraction­

al crystallization occurs, then the CaO content 
of the melt decreases and LREE increases (EI­
thon , 1993 ; Cullers and Graf, 1984). Accord­

ing to this model, Kotalahti-type magmas 
would have undergone fractional crystalliza­

tion of clinopyroxene at high pressures before 
emplacement to their present levels . This too 

could in principle explain the observed differ­

ences in REE abundances and CaO/Alp3 ra­
tios of the Vammala-type and Kotalahti-type 

intrusions. 
If clinopyroxene is removed from a magma 

having a chondritic normalized La/Sm ratio of 
I by fractional crystallization such that the 
degree of crystallization (= residual melt 
amount/ original melt amount) is 0.5 , then 

according to D-values after Henderson 
(1984), the residual chondritic normalized La/ 
Sm ratio would be 1.76; note however that 
according to D-values after most authors , 
(data compilation by Hanski, 1983; Prinzhof­
er and Allegre, 1985) , the resulting change in 
La/Sm ratio would be somewhat smaller. The 

chondritic normalized La/Sm ratio of the 
Kotalahti-type peridotites is, however around 
2.30-3.08, which could not even be achieved 
by extreme fractional crystallization of 

clinopyroxene. Furthermore , the chondritic 
normalized La/Sm ratio of the Kotalahti-type 
magmas should be even higher than that of the 
olivine and olivine-orthopyroxene cumulates 

formed via fractional crystallization since the 

chondritic normalized La/Sm ratio of both 
01 i vi ne and orthopyroxene i s, accordi ng to 

many studies, less than unity (data compila­
tion by Hanski, 1983). With the same degree 
of crystallization the CaO/AI

2
0 3 ratio of the 

magma changes radically from 0.72 to 0 . 10 
(with clinopyroxene CaO/AI

2
0 3 ratio of 10). 

Even at a degree of crystallization of 0.9 the 
CaO/AI

2
0

3 
ratio decreases from 0.72 to 0.60, 

wh ich compares c10sely with the CaO/AI
2
0 3 

ratios of 0.61 and 0.63 for the Rantala chi lIed 
margin and mafic dyke respectively. These 

rocks plot in the orthopyroxene field on the 
plagioclase - diopside - orthopyroxene + 4 x 

quartz projection of the basalt tetrahedron 
(compare with Fig. 41 a) , whereas the Pirilä 
amphibolites (CaO/AI

2
0 3 ratio of 0 .72) fall 

within the clinopyroxene or plagioclase field. 
Therefore , even a sm all degree of clinopyrox­
ene fractionation can shift the CaO/AI

2
0 3 ra­

tio of a Vammala-type magma to that charac­

teristic of Kotalahti magmas. 
The contamination interpretation given 

above explains the difference in REE abun-
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Fig. 50. MgO versus Zrdiagram forsamples from the Niinimäki 
intrusion. Curve A indicates thecompositions ofVammala type 
peridotites and Pirilä amphibolites (cf. Fig. 65). 
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Kotalahti type Vammala type 

100 % -r-------------------, 100% -r------ ------- - - - -...., 
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1 0.96 0.92 0.88 0.84 0.8 0.76 0.72 0.7 0.68 0.64 0.6 1 0.96 0.92 0.88 0.84 0.8 0.76 0.72 0.7 0.68 0.64 0.6 
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Fig. 51. Mineral composition for Kotalahti and Vammala types as a function of degree of crystallization (F' ) . 01 = olivine, opx = 
orthopyroxene , cpx = c linopyroxene, plg = plagioclase, ap = apatite , liq = intercumulus liquid. 

dan ces between the Vammala and Kotalahti 
intrusive types more effectively, while the 
different CaO/AI 20 3 

ratios are consistent with 
either interpretation. 

Clear evidence for contamination by crustal 
material is provided by comparative Zr abun­
dan ces in gabbros and peridotites. An exam­
pIe of this is the Niinimäki intrusion, in wh ich 
peridotites have a sharp contact against the 
enclosing gabbro. Diagrams showing mag­
matic differentiation (Figs. 38 and 39) indi­
cate that the peridotite and gabbro represent 
the same parent magma, even though they 
were intruded as separate batches at different 
times. lf the high Zr content of the peridotite 
had been inheri ted from the source, then a 
gabbroic differentiate should have even more 
enrichment in Zr. This is not the case at Nii­
nimäki, where the peridotites can actually 
have more Zr than the gabbro (Fig. SO) , indi­
cating that the peridotite is the more contam­
inated, and has been affected independently 
from the gabbro . Although this evidence for 
contamination is compelling , it still does not 
exclude the possibility of a different primary 
source for the Kotalahti-type a nd Vammala­
type magmas. Contamination is nevertheless 
regarded as a more probable explanation 
s ince the Vammala-type peridotites of the 
Juva district (Lumpeinen and Turunen) are 

generally barren , while the Kotalahti-type 
magmas contain ore deposits , which may be 
related to different degrees of assimilation. 

In the following discusssion, the inferred 
parent magma and its variably contaminated 
olivine cllmul a te derivatives will be com­
pared with the obtained analytical data. Major 
element data will be evaluated using the CaOI 
AI

2
0

3 
ratio , which is the most significant dis­

criminant between the Kotalahti-type and 
Vammala-type intrusions , while La , Sm and 
Zr are considered to be immobile trace ele­
ments . Crystallization calculations have been 
performed using the FRAKIT program 
(Hanski and Koivllmaa , 1983). The mean 
composition of the Pirilä amphibolites has 
been taken as equivalent to the parent magma 
(n = 15 , Viluksela , 1988) , while that of the 
potential upper crustal contaminant has the 
La and Sm abundances of NASC (Haskin et 
al. , 1968) and the mean Ca, AI and Zr com­
positions of schollen migmatites from the Ko­
talahti Ni-belt (n = 72 , Mäkinen, 1995) . The 
chosen compo sitions also clo sely resemble 
the mean values for Upper Kalevian sedi­
ments (Asko Kontinen , personal communic a­
tion) and are thus suitably representative of 
country rock chemistry in the area surround­
ing the intrusions. 

For the purpose of the FRAKIT program 
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calculations , mineral compositions of the 
Vammala-type and Kotalahti-type intrusions 
were compiled as a function of degree of crys­
tallization (Fig. 51). The degree of crystalli­
zation was determined on the basis of differ­
entiation indices, with respective mineralogi­

cal compositions corresponding to CIPW nor­
mative mineralogy. The degree of crystalliza­

tion of the analyzed peridotites is seen to be 
0.99-0.85 and it is significant that in both 
types of intrusions the normative abundance 
of plagioc\ase exceeds 10% at an early stage 

of crystallization. In most cases however , 
peridotite sampIes are devoid of plagioc\ase 
since it has typically been consumed by reac­
tion with olivine or affected by uralitization . 

The partition coefficients used (principally 

after Bedard , 1994, Table I) are 

La Sm Zr 

olivine 0.00044( I) 0.000 18( 1) 0 .003(2) 

orthopyroxene 0.016(3) 0 .0.054(3) 0.16(3) 

c linopyroxene 0 .0536(4) 0.291 (4) 0.1234(4) 

plagioclase 0.042(3) 0.022(3 ) 0.09(5) 

apatite 8.5 (6) 12(6) 0.1(6) 

I) Prinzhofer and Allegre (1985), 2) Johnson and Dick ( 1992), 
3) Bedard ( 1994),4) Hart and Dunn ( 1993), 5) LeMarchand et 
al. ( 1987), 6) The value used by Hanski and Koivumaa (1983). 

Table 17 presents the initial compositions 

used in the model calculations , as weil as the 

compositions for various degrees of mixing 
and , for comparative purposes , the composi­
tion of the chilled margin of the Rantala gab­
bro. The CaO/AI

2
0

3 
ratio of the mixtures de­

creases markedly even at small degrees of 
contamination and indicates that the Rantala 
chilled margin records about 20 % contamina­
tion . Calculations based on Zr , La and Sm 
abundances suggest contamination of between 
5-15 %. Of the other intrusions , the Rietsalo 
gabbro has a mean CaO/A1

2
0

3 
ratio of 0.48 , 

which corresponds to about 40 % contamina­

tion. 
The model calculations generate REE abun-

dan ces comparable with analyzed values 

based on contamination of parent magma with 
a starting composition corresponding to that 
of the Vammala-type peridotites (Fig. 52). 
The calculated Zr abundances also match the 
analytical data rather weil (Tables 4 and 18), 
which confirms the conclusion that the mean 
Pirilä amphibolite compositions are reliable 

approximations to those of the parent magma . 
Because the Kotalahti-type peridotites have 

less clinopyroxene than the Vammala-type 
peridotites, REE abundances are accordingly 
less and therefore any elevated REE contents 
observed in the former must be attributed to 
the composition of the initial melt. Analyzed 
REE and Zr abundances for the Kotalahti-type 

peridoti tes are: 

La 8.6 - 36.1 mean 19.0 
cn 

Sm 2.0 - 15.7 mean 8.8 
c n 

Zr ppm 12 - 46 mean 30 

On the basis of the model calculations the 

mean chondrite normalized La abundances 
represent at least 40 % contamination , with the 
maximum value of 36 .1 being impossible to 
obtain with the modelling used. The same 

applies to the higher Sm abundances , even 
though the general shape of the REE profi les 

follows the results of modelling quite weil 
(Fig. 52). The negative slopes of the LREE 

profiles correspond to contamination of about 

10%, while Zr abundances suggest up to at 
least 40% contamination (Table 18). 

The model calculations are affected by both 
the choice of partition coefficients and the 
proportion of intercumulus melt , which is 
dependent upon the degree of crystallization. 
If the amount of melt is increased , then the La, 

Sm and Zr abundances of the cumulates in­
crease and the above mentioned contamina­

tion percentages would accordingly decrease . 
Variations in element ratios are in fact more 
important in the contamination modelling 
than changes in absolute abundances. 

The high REE abundances and negatively 
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Table 17 . Changes in the composi ti on of parent magma contaminated by 
upper crust. 

Composition CaO/Al ,OJ 

Magma 
Upper crust 
Cont. 5% 
Cont. 10% 
Cont. 15 % 
Cont .20% 
Cont. 25 % 
Cont. 30% 
Cont. 35 % 
Cont. 40 % 
Cont. 50% 
Rantala 
chilled margin 

0.72 
0.17 
0 .70 
0.67 
0.64 
0.62 
0.59 
0.56 
0 .54 
0 .50 
0.45 
0 .61 

Zr 
ppm 

63 
184 
69 
75 
81 
87 
93 
99 

105 
111 
124 
79 

16. 13 
103. 23 
20.49 
24.84 
29 .20 
33.55 
37 .91 
42.26 
46.62 
50.97 
59.68 
22.30 

14 .87 
29 .23 
15.59 
16.31 
17 .02 
17.74 
18.46 
19.18 
19.90 
20.61 
22.05 
17.00 

La ISm 
cn cn 

1.08 
3.53 
1.31 

1.51 

1.72 
1.89 
2.05 
2.20 
2.34 
2.47 
2.7 1 
1.3 1 

100..,...---------, 1 OO-r--------, 100..-------, 1 OO-r--------, 

10 
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10 
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10 

10 % cant. 
(Vammala type) 

iif--_-

10 % cant. 
(Kotalahti type) 

10&_ 

1 =- F' - n <:IR 1 -'-----------' 1 -'---____ ----1 1 -'-----------' 
~ Sm ~ Sm ~ Sm ~ Sm 

100 100 100 100,--------, 

10 

20 % cant. 
(Kotalahti type) 

1 -'---____ -l 

La Sm 

30 % cant. 
(Kotalahti type) 

1 -'---____ -l 

La Sm 

10 

40 % cant. 
(Kotalahti type) 

1 ..L-____ ----' 

La Sm 

10 

50 % cant. 
(Kotalahti type) 

1 ..L-____ ----' 

La Sm 

Fig. 52. CaJculated chondrite normalized LREE pattern for Vammala and Kotalahti type peridotites as a function of contamination 
percentage and degree of crystallization (F'). F' = 0.98, 0.96, 0.94, 0.92, 0.90, 0.88, 0.84, 0.80, 0.76, 0.72. 

sloping LREE trends of the Kotalahti - type (1100 ppm) are high enough to explain the 
peridotites are consistent with the presence of who le-rock content of this element. On this 
abundant apatite in these rocks, since the basis, the hig h REE contents can be attributed 
ana lyzed concentrations of La in apatite to the abundance of phosphorus and therefore 
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Table 18. Zr content (ppm) of parenl magma as a funClion of degree of crystallization (F) and co nta m­
ination percenlage (%) in Vammala (VAMM) and Kotalahti ( KOTA ) types. 

F' 0.98 0.96 0.94 

VAMM 0 % 7 8 10 

KOTA 10% 7 8 10 

KOTA 20 % 8 9 11 
KOTA 30% 9 11 13 
KOTA 40 % 10 12 15 
KOTA 50 % 11 13 17 

it is necessary to consider the reason for this 
element in the Kotalahti-type peridotites. One 
possibility is contamination by gabbroic 
rocks , since peridotites containing abundant 
phosphorus have commonly intruded gabbros, 
as at Niinimäki. The mean P

2
0

S 
content in the 

Luonteri - Heiskalanmäki zone is 0.41 w- % 
(Table 2), which is appreciably higher than 
that of metapelites (0.13 w- %), although some 
phosphorite layers have been found in associ­

ation with carbonate rocks throughout the 
Juva district (Makkonen, 1988). 

Table 19 shows the results of Nd iso topic 
shifts that would be anticipated by modelling 
the effects of contamination where an initial 
magma derived from depleted mantle and 

having ENd e] .88Ga) = 3.74, and Nd = 6.39 -
11.75 ppm was contaminated with Rantasa lmi 
mica schists having ENd( 1.9Ga) = -2.5 and Nd 

= 30 ppm (Hannu Huhma , personal communi­
cation). The ENd (T) of the magma has been 
calculated according to DePaolo (] 981) and 
the estimated d value has been taken from 
analytical data for the Pirilä amphibo lites 

Table 19. The change in E,,(T) in the co ntamin a tion 
model. 

d MAGMA = 6.39 ppm Nd"I AG'-IA = 11.75ppm 

Cont.% € 'd( 1.9Ga) Cont.% €,,( 1.9Ga) 

5 2.5 10 2.4 
6 2.3 15 1.8 
10 1.6 20 1.3 
15 0.9 25 0.9 
20 0.4 30 0.5 

0.92 0.88 0.84 0.80 0.76 0.72 

11 13 16 18 21 24 
12 16 19 21 25 28 
14 18 22 25 29 33 
16 21 25 28 34 38 
18 23 28 32 38 43 
20 26 3 1 35 42 47 

(Jukka Kousa , personal communication). 

The analyzed sampIes thus yield ENd(T) val­
ues that correspond to 5 - 30% contamination , 
depending on both the sampIe itself and the 

Nd value assigned to the magma (taking error 
margins into consideration, a range in con­
tamination from 3 - 35% is obtained). For low 
Nd abundances the effect of contamination on 

the ENd(T) value is significant, even for a 
change in degree of contamination of only 
one per cent. Patchett and Kouvo ( 1986) used 
a magmatic Nd va lue of 10 ppm when mod­
elling contamination for l.9 - 1.7 Ga Sve­
cofenn ian rocks in Finland although they as­
sumed the magmas to be of island arc basalt 

affinity that presumably has higher Nd abun­
dances than those of the ocean floor basalts 
considered to correspond to the source mag­
mas in the present study. However , even 

though the lowest possible Nd value of 6.39 
ppm is chosen for modelling , the degree of 
contamination must still be in excess of 5%. 

In summary, the results of the contamina­
tion modelling indicate that: 

I) both the Vammala-type and Kotalahti­
type intrusions were contaminated to variab le 
degrees between 5 - 40% by mass ; 

2) contamination can adequately explain 
the observed differences in mineral composi­
tion, REE profiles and E /T) isotopic charac­
teristics between the two types of intrusions; 

3) the high phosphorus and related high 
REE abundances in the Kotalahti-type perido­
tites demand contamination by a source that 

contains more phosphorus than most su-
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pracrustal rocks , and 
4) the peridotites can be more highly con­

taminated than the gabbros. 
The model presented above describes a 

simple bulk contamination process that took 
place prior to fractional crystallization of the 
magma. In reality however , it is likely that 
contamination processes were more complex, 
since several phases of contamination could 
have occurred during passage of the magma 
through feeder channels before reaching its 
final site of emplacement. Contamination 
could also have been somewhat selective, in 
wh ich case the contaminant might have been 
a eutectic wall-rock melt, or represent anatex-

is associated with regional metamorphism. 
This latter possibility could explain the ob­
served high REE and Zr abundances of the 
Kotalahti-type intrusions with a lower degree 
of contamination than that required by the 
bulk contamination model. Peltonen (1995c) 
adopted such a selective contamination expla­
nation for the Vammala area, arguing that 5 
and Zn were transferred by C-O-H-5 fluids 
from graphitic wall-rock schists into the cool­
ing magma. In the present case however, this 
explanation does not account for the observed 
variations in CaOlAI

2
0

3 
ratios between the 

various intrusions. 

ORIGIN OF THE JUVA DISTRICT Ni-Cu DEPOSITS 

Intrusive processes 

The emplacement and eruption of magma 
requires a suitable extensional magmatic set­
ting , such as at mid-ocean ridges and conti­
nental margins. Because the intrusions and 
lavas of the Juva district are surrounded prin­
cipally by metamorphosed turbidites (Gaal 
and Rauhamäki, 1971), a mid-ocean ridge 
setting seems unlikely in the present case. 
According to Viluksela (1988) the amphibo­
lites and ultramafic rocks of the Pirilä area 
have geochemical characteristics resembling 
that of back are magmatism. Piirainen (1987) 
also considered the 1.9 Ga 5vecofennian mag­
matism to be of back are origin , whereas 
Lahtinen (1994) regarded the Ni-bearing in­
trusions of the Raahe-Ladoga zone as the 
products of within-plate magmatism. 

At the present erosion level the intrusions 
of the Luonteri-Heiskalanmäki zone are elon­
gate and narrow , which suggests that they 
originally formed as sills. Other groups of 
more irregular intrusions could also represent 
disrupted and boudinaged sills, although it is 
possible that considerable primary thickness 
variations existed as weil. 

Because all of the intrusions studied show 
evidence for magmatic differentiation, indi­
cated by systematic variations in both miner­
alogy and geochemistry, with layering being 
concordant with that in the enclosing sedi­
ments, it is concluded that the intrusions must 
have originally had horizontal planar orienta­
tions. This is also consistent with the presence 
of early foliations , such as 5 2' within the in­
trusions as weil as their wall rocks and sug­
gests that intrusion took place prior to , if not 
during the earliest stages of D2 deformation. 
Because recumbent folds developed during 
both 0] and 0 2 (Koistinen, 1981) , it is still 
possible that intrusion took place during 0 2. 
However, no 0] structures have been truncat­
ed by gabbros or peridotites in the Juva dis­
trict , indicating that intrusion probably took 

place before 0 2. 
The intrusions investigated can be classi­

fied as either single-stage or two-stage intru­
sions. The former have been emplaced direct­
Iy into their present environment, while the 
two-stage intrusions underwent partial crys­
tallization within a temporary magma cham-
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Fig. 53. A model for the intrusion of tholeiitic magma in the Juva area. 

ber or flow conduit prior to final emplace­
ment. 

Kekonen and Kiiskilänkangas intrusions 
represent single stage emplacement, with gra­
dational contacts and a continuous composi­
tional trend from peridotite to gabbro, while 
the Saarijärvi , Niinimäki, Pihlajasalo and 
Rantala intrusions are two-stage intrusions 
with a distinct compositional gap and sharp 
intrusive contacts between gabbroic and peri­
dotitic phases . 

Because peridotites also occur as discrete 
intrusions separate from the gabbros, as at 
Lumpeinen and Venetekemä, residual melts 
and olivine-rich melt must have become sep­
ara ted from one another within either the flow 
conduits or temporary magma chambers, al­
lowing the formation of olivine-cumulates 
from the olivine-rich melt. As discussed pre­
viously, this can also explain the origin of the 

ultramafic volcanics and sills, if they are in­
terpreted as olivine-rich melts extruded at or 
near the surface. According to Huppert and 
Sparks (1984), convective fractionation can 
cause significant compositional heterogeneity 
between different parts of a magma chamber. 
As a consequence, magmas derived from such 
achamber can vary in composition as a func­
tion of time and provides a possible mecha­
ni sm for generating olivine-rich melts. Mag­
matic compositions mayaIso become more 
mafic by the physical removal of plagioc1ase 
due to density contrasts between phenocrysts 
and residual melt; in this case ultramafic lavas 
and sills could represent melt that was deplet­
ed in plagioclase. Evidence for convection 
within magma chambers in the Juva district is 
provided by the cross-bedded layering ob­
served in the Pihlajasalo gabbro intrusion 
(Fig, 7), The banding in the gabbro could have 
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formed by double-diffusive convection (Hup­
pert and Sparks , 1984). 

In the case of the two-stage intru sions it is 
natural to ask whether the gabbro was earlier 
or later than the peridotite, s in ce in the case 
of eruptive rocks, the ultramafic lithologies 
are younger than the mafic rocks. By analogy 
therefore it might be expected that the perido­
tite intrusions are younger than the gabbros . 
No intrusive field relations have been found 
to confirm this since although the two rock 
types are juxtapozed with sharp boundaries , 
mutual intrusive relations have not been seen. 
The gabbroic part of the Niinimäki intrusion 
is highly altered in close proximity to the 

peridotite , with plagioclase being altered to 
saussurite and mafic minerals replaced by 
chlorite, thereby indicating that the peridotite 
is younger than th e gabbro . Density differenc­
es also indi cate the same intrusive relation­
sh ips since the less dense gabbro ic melt would 
be expected to ascend at an earlier stage than 
the denser olivine-rich magma. 

Because mineralization is restricted to the 
basal parts of the intrusions, it follows that 
ore formation also predates the reorientation 
of the intrusions into steep attitudes. Figure 
53 presents a schematic model of the intrusive 
processes. 

Separation of sulfide melt 

If magma is intruded into sediments on or 
beneath the sea-f1oor , then a number of factors 
can influence the separation of sulfide melt, 
including: 

I) rapid drop in temperature ; 
2) increase in oxygen fugacity 

3) contam in ation (Si0
2

, A1
2
0

3
, Na

2
0) 

4) assimi lation of sedimen t-derived sulfur 
by the magma. 

Magma temperature falls rapidly as a result 
of intrusion into wet sediments , while accord­
ing to Haughton et al., (1974), the oxygen fu­
gacity of a magma can increase as it incorpo­
rates water, which becomes dissociated , with 
diffusive loss of hydrogen from the system. An 
increase in oxygen fugacity causes an increase 
in the abundance of ferric iron , wh ich in turn 
decreases the solubi lity of su lfur in the melt. If 
intrusion took place later, during metamor­
phism associated with D

1
, then wal l rock tem­

peratures could have been in excess of 500°C , 
precluding a rapid drop in magma temperature ; 
wall rocks would also have been less hydrous 
under these conditions . 

Evidence for contamination of the magmas 
by country rock sediments is provided by the 
avai lable trace e lement, REE and Sm-Nd data. 
Because the differences in mineralogy be-

tween the Vammala-type and Kotalahti-type 
intrusions can be exp lained by contamination , 
this should also be considered as a likely 
cause of su lfide separation , even though there 
would only be a relatively smal l amount of 
contamination in the case of the Vammala­
type intrusions . 

If the magma were emplaced into sediments, 
sulfide separation from the melt cou ld be 
caused by assim il ation of sedimentary sulfur. 
Peltonen (l995c) considered sulfur assimi la­
tion in the Vammala district to one of the most 
criti cal factor s in ore formation. In the Juva 
district however , Ni-Cu mineralization is asso­
ciated with sulfur-poor as weil as graphitic and 
su lfide-rich schists and therefore sulfur assim­
ilation is less Iikely to have been the primary 
cause of sulfide separation, even though it has 
presumably affected R va lues (s ili cate meltl 

sulfide melt). Sulfur isotopic studies of Finnish 
Svencofennian Ni-Cu ore deposits indicate that 
most of the sulfur is of magmatic origin (Pa­
punen and Mäkelä , 1980). On the other hand , 
su lfur isotopic compositions of Svecofennian 
metapelites vary widely , from ()34Sl:S = -7 . 1 -
+2.8 (Peltonen, 1995c), so that addition of sed­
imentary sulfur might not necessarily cau se 
noticeable changes to magmatic va lues 
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(+O .5± 1.5; Ohmoto and Rye, 1979) , even at 
high level s of contamination. 

An important question from the point of 
view of ore formation is whether the separa­
tion of sulfide melt took place in a sing le step 
(batch equilibration) , or occurred progressive­
Iy by fractional segregation. In the case of 
batch equi libration, the metal ratios of the 
magma would have been constant and depend­
ent upon total metal contents and respective 
partitioning coefficients between the silicate 
and su lfide melts. If fractional segregation oc­
curred however, then the composition of the 
ore varies in time as a function of different 
partition coefficients for different metals and 
as a function of silicate and su lfide crystalli­
zation. Because D~~' il is smaller than D~il /s il 

and D~U~" il (Naldrett, 1989) , the Ni/Co and Cu/ 
Co ratio of the sulfide melt decreases contin­
ually while the i/Cu ratio nevertheless re­
mains almost unchanged. Crystallization of 
olivine and pyroxene also causes a decrease in 
the Ni/Cu and Ni/Co ratios of the sulfide melt, 
but does not significantly affect the Cu/Co 
ratio. 

The Ni-Cu deposits of the ]uva district all 
disp lay remarkably uniform and consistent Ni/ 
Co ratios, which suggests that sulfide separa­
tion would have been mainly a single-stage 
process . It is unclear however when this oc­
curred with respect to silicate crystallization , 
a lthough the fact that the ore deposits are con-

sistently located towards the bases of the in­
trusions indicates that they formed relatively 
early. In general Ni/Cu ratios are more vari­
able than Ni/Co ratios, which may be a con­
sequence of Cu mobility during metamor­
phism. 

Separation of sulfides cou ld have taken 
place at deeper levels prior to final emp lace­
ment , or alternatively in situ at their present 
crustal level. The former alternati ve would 
require that sulfide droplets remained en­
trained in the magma during ascent , but set­
tled to the floor of the intrusion when the 
magma reached its final emp lacement level, 
the final result being effectively the same as 
for in situ sulfide separation and ore forma­
tion. However , would the overa ll metal distri­
bution be similar in both cases? If, for exam­
pIe , the sulfide droplets were thoroughly 
mixed during ascent , it is unlikely that the ore 
deposit would display the same kind of strati­
graphical zonation of metals that would occur 
within an intrusion that underwent fractional 
segregation in situ. On the other hand , if 
sulfides formed in situ du ring a sing le stage 
process , they would not necessarily display 
such zonation either. As noted above, sulfide 
separation in the ]uva district intrusions was 
presumably mainly a single-stage process and 
therefore metal ratios and zonation cannot 
directly reveal information concerning the 
timing of sulfide separation. 

Crystallization of sulfide melt 

Fractional crystallization of sulfide melt 
can also lead to zonation of ore bodies since 
metals are preferentially incorporated into 
crystallizing phases in the sequence Co>Ni> 
Cu (+Pt+Pd+Au). This means that the Cu/ 
(Cu+Ni) , Ni/Co and Cu/Co and also (Pt+Pd)/ 
(Ru+lr+Os) ratios of the residual melt in­
crease progressively with time (Naldrett , 
1989). 

Two of the intrusions , namely Kekonen and 

Rietsalo , contain ore bodies that are large 

enough to permit the presence of metal zona­
tion to be assessed (Fig. 54). In the Kekonen 
deposit Ni/Co , Cu/Co and Au+Pd all decrease 
towards the base of the ore, wi th one excep­
tionally high Ni/Co observation representing 
compact ore. The Rietsalo intrusion does not 
display such marked zonation , at least with 
respect to these ratios, although the PdlIr ratio 
does decrease towards the base of the ore . It 
may nevertheless be concluded that the upper 

parts of the ore deposits are enriched in those 
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Fig. 54. Zonation of metals at the 
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Figure 13. 
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metallic elements that tend to be the last to 
crystallize from sulfide melts . This provides 
strong evidence for fractional crystallization 
of the sulfide melts and also confirms the in­
terpretation favouring single-stage sulfide 
separation ; if separation had taken place by 
progressive segregation, the opposite zona-

Depth (m) 

tion trends would have been expected , with 
Ni/Co and Cu/Co ratios being highest at the 
base of the ore depos its, Ni and Cu having 
crystallized from the earliest sulfide melt (as­
suming that sulfide droplets settled immedi­
ately to the floor of the intrusions). 

Ore co mp os iti on and s ili ca te me lt chemis try 

The composition of the silicate magma ex­
erts the greatest influence on the metal ratios 

of Ni -C u ore deposits (Naldrett , 1989). Table 
20 is a compilation of calculated values of 
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Fig. 55. Correlation of Ni and MgO contents in Pirilä mafic and ultramafic voJcanics. 

those factors considered important in influ­
enci ng the Ni a nd Cu ab undances of the inves­
tigated intrusions in the Juva district. The 

orig inal Ni co ntent of the silicate melt X ON; 
has been determined from the data prese nted 
in Figure 55, in w hich only the amphibolite Ni 
contents are considered to be representative 

of the magma as a who le. The ultramafic 
rocks have high Ni abundances because of 
their high proportion of cumulus olivine and 
therefore the curves in Figure 55 should not 

be used to infer Ni abundances where MgO 

exceeds 12 w-%. The Ni content of the melt 
during ol ivine crystallization (X N) can be 
calculated from the following equation using 
the highest olivine Ni value analyzed for each 
respective intrusion : 

D~I/L;q = e (4.96 1- 1.266 In MgOUq) 

(Duke and Naldrett, 1978) 

Log R has been ca lculated according to 
Campbell and Naldrett (1979). Because no 
primary Ni analytical data are available for 
the Rantala , Rietsalo and Heiskalanmäki in­
trusions, they have been assigned D~~I/s H value 

of 380, which represents the mean of the 
range of ca lcu lated D~~I/sH values. X ocu has 

been determined after Campbell and Naldrett 
(1979) using a D~~I/S;I value of 250. 

The calculated D~~I/S;I values based on melt 

Ni concentrations (X N) inferred from olivine 

Ni abundances are generally somewhat higher 
than the figure of 275 quoted for basaltic 
melts by Rajamani and aldrett (1978), al-
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Fig. 56. D~~"sil as a function of MgO content in silicate liquid. 
Filled circles: Ni-Cu occurrences in Juva area, open circJes: 
experimental resu lts after Rajamani and Naldrett ( 1978) 
(MgO S; 13.5 w-%) and values after Naldrett (1989) (MgO > 
13.5 w-%). 



Geological Survey of Finland, Bulletin 386 83 
1.9 Ga tholeiitic magmatism and related i-Cu deposition in the Juva area, SE Finland 

Table 20. Distribution of Ni and Cu in different occurrences . 

Occurrence Ni
s F CU

SF 
10gR XN; 

D sullsil 
N i 

X
ONi X

ocu 

w-% w- % ppm ppm ppm 

Pihlajasalo 8.90 0.68 2.76 203 438 353 39 
Saarijärvi 6.34 2.26 2.80 179 354 278 126 
Kekonen 6.94 2.57 2.89 131 530 220 136 
Rantala 4 .21 2.50 2.51 380 240 176 
Kiiskilänkangas 3 .34 1.39 2.29 108 309 278 126 
Rietsalo 5.54 5.40 2.96 380 206 274 
Venetekemä 5.69 3.82 2.93 234 243 300 197 
Heiskalanmäki 7.23 3.34 2.97 380 268 169 
Niinimäki W 4.90 1.59 2.48 118 415 279 116 
Niinimäki E 5.21 2.00 2.58 169 308 307 132 
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Fig. 57. Ni and Cu contents of sulfide fractions indicating the mass ratio (R) between silicate melt and sulfide melt. Line A depicts 
the change in the composition of sulfide fraction as a function of R, based on the following values. The nickel content in silicate 
melt is the average in Table 20, 273 ppm. Forcopper the value is 149 ppm, calculated on the basis ofD,u~~1 = 250. The D'"~i'1 value 
is the mean, 380, of calculated values. The lines for different R values have been drawn on the basis ofthe Pihlajasalo and Rietsalo 
data. Fields for different rock types after Naldrett (1989): AK = Archaean komatiites, PK = Proterozoic komatiites , S = Sudbery, 
G = Gabbros , FB = Flood basalts. PIH = Pihlajasalo, NIE = Niinimäki E, NIW = Niinimäki W, SAA = Saarijärvi , KEK = Kekonen, 
RAN = Rantala, KII = Kiiskilänkangas, VEN = Venetekemä, RJE = Rietsalo , HEl = Heiskalanmäki. 
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though they are broadly of the same magni­
tude (Fig. 56). Furthermore, similar results 
between 370 - 770 have been obtained for 
sulfide globules and glass from basalts (Cza­
manske and Moore, 1977), showing that the 
O~~ I" il data in Table 20 can be considered as 

reliable. 
There is considerable variation in the calcu­

lated R values between the different intru­
sions and this could be responsible for the 
ranges in metal abundances in different ore 
deposits, since the uniformity of silicate melt 
compositions otherwise suggests that the ores 
should all be rather similar. It is also notewor­
thy that the Rietsalo and Heiskalanmäki oc­
currences have both the highest R values and 
the greatest abundances of Pt and Pd. This is 
in agreement with the study by Campbell and 
Naldrett (1979), who concluded that an in­
crease in R leads to a radical increase in the 
abundance of metals with high partition coef­
ficients (O ,u l/' il) in sulfide melts. On the other 

hand , the Rietsalo silicate melt represents one 
of the most felsic differentiates in the study 
area and platinum group elements could have 
become enriched in the melt via normal frac­
tional crystallization processes prior to 
sulfide separation. Moreover, if the gabbros 
of the Luonteri-Heiskalanmäki zone crystal­
lized from a melt that was strongly depleted 

in Fe and Mg due to fractional crystallization 
of olivine prior to final emplacement, then the 
PGE content of the melt would have been 
greater than that of in situ differentiated mag­
mas having the same MgO abundances. 

It is apparent from Figure 57 that the Ni and 
Cu concentrations of sulfide fractions from 
the various deposits correlate weil with the 
calculated model. Oeposits with low R values 
plot towards the lower left corner of the dia­
gram. Furthermore , the Juva district Ni-Cu 
deposits plot within the field for gabbro-host­
ed mineralization , which is in agreement with 
the primary magma having been basaltic in 
composition. Because the ore composition at 
each occurrence is dependent upon the silicate 
melt chemistry , it can be safely assumed that 
ores were derived from magmas correspond­
ing to each respective intrusion ; in other 
words ore deposits formed in situ. 

The Venetekemä intrusion has lower Ni sF 
than would be expected from the MgO content 
of the parent magma. In contrast to the Ran­
tala and Kiiskilänkangas intrusions , the R 
value is also relatively high and hence cannot 
explain the low Ni concentrations in the 
sulfide fraction. Therefore, in addition to the 
known Ni-Cu mineralization , the Venetekemä 
intrusion should be associated with a further 
deposit in which Ni sF is around 8 w- %. 

The influence of deformation and metamorphism 

The peak regional metamorphic conditions 
in the Juva district have been rather high, with 
temperatures around 680-750 °C (Korsman et 
al. , 1984) , which are sufficient, at least in 
principle, for the mobilization of sulfides. 
The most obvious evidence that this has in­
deed occurred is the presence of chalcopyrite 
within fractures and breccia matrix in the 
ores. The preferential migration or concentra­
tion of ore in F

3 
hinge zones also indicates 

sulfide mobilization following the metamor­
phic peak, when temperatures were already 

declining. However , because primary metallic 

zonation can be discerned in the ore deposits , 
mobilization did not necessarily take place on 
a large scale. Primary compositional layering 
has also been preserved in the ore deposits , 
j ust as in other rock types. 

An interesting problem concerns the nature 
and origin of the so-called offset ore deposits, 
which may represent either primary or later 
syntectonic mobilization. lf the lower chi lied 
margin of an intrusion becomes fractured, 
then basal sulfide cumulate aggregates can 
penetrate into the underlying sediments , thus 
forming a primary offse! ore body. Ouring 
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metamorphic and tectonic processes it is also 
possible that sulfides will migrate and become 
concentrated as offset ore bodies outside the 
intrusion. 

The metamorphic mobilization of sulfide as 
a function of temperature can also be assessed 
as the converse of the sulfide melt crystalliza­
tion process. During crystallization, the resid­
ual melt tends to become enriched in Cu, Pt , 

Pd and Au and these elements are consequent­
Iy the first to become remobilized if the 
sulfide fraction begins melting during meta­
morph i m. lntense metamorphic remobiliza­
tion can therefore potentially cause marked 
changes in metal ratios compared to their dis­
tribution in the original ore deposit. Mobiliza­
tion is typically expressed for example by a 
relatively low Ni/Cu ratio compared to the 
primary ore deposits. The abundances of Pt 
and Pd should also be enriched with respect to 

those of primary magmas. 
Pihlajasalo is the only Ni deposit in the 

]uva district that is clearly within the country 
rocks rather than hosted by the intrusions and 
in this case the Ni/Cu ratio is exceedingly 
high (12.36) . The basal part of the Kekonen 
Ni-Cu deposit also comprises a narrow mas­
sive ore horizon that has higher Ni/Cu ratios 
than those in the rest of the ore. These ore 
bodies are therefore classified on the basis of 
respecti ve metal abundances as pri mary. 

There are nevertheless offset ore bodies in 
some Svecofennian i-Cu deposits in Finland 
in which Ni/Cu ratios are somewhat lower 
than the mean value, as at Kotalahti (Papunen 
and Koskinen, 1985) and Enonkoski (Grund­
ström , 1985) ; these ores are more readily in­
terpreted as late mobilized deposits compared 
to those of the ]uva district. 

DISCRIMINA TION BETWEEN BA RREN AND MINERALIZED ROCK UNITS 

Olivine 

Because olivine commences crystallizing 
early and is effective in selectively removing 
Ni from the melt, the Ni content of this min­
eral provides a reliable estimate of the orig­
inal concentration of Ni in the parent melt. 
Furthermore, if it is assumed that the silicate 
and sulfide melts are in mutual chemical equi­
librium, then olivine Ni abundances should 
also reflect the Ni concentration in the sulfide 

melt. 
According to Duke and Naldrett (1978), Ni 

concentrations are higher in olivine that crys­
tallized from a sulfide-undersaturated melt 
than in olivine from a melt that was saturated 
with respect to sulfides. However, in order to 
observe the difference in i abundances, log 
R must be <3 (Naldrett, 1989). The separation 
of a small amount of sulfide causes only min­
imal decreases in Ni concentration such that 
the Ni concentrations in crystallizing olivine 
are effectively the same as those from olivine 

progressively crystallizing in a sulfide-under­
saturated melt. 

All of the intrusions investigated have log 
R val ues of less than 3 so that the presence of 
sulfide melt should be discernible in the Ni 
concentrations in 01 i vine. Large d i fferences 
in olivine i contents have been observed be­
tween the various intrusions and this have 
been related directly to forsterite composi­
tions in most , though not all cases (Fig. 58). 
The mean Ni concentration for olivine with a 
forsterite composition of 78 - 80 varies wide­
Iy between the intrusions studied and this can 
be explained by variations in respective R 
values for each intrusion since a positive cor­
relation exists between R values and olivine 
Ni concentrations (Fig. 59). In these intru­
sions, where large amounts of sulfide melt 
were generated compared to the proportion of 
silicate melt, the silicate melt is conspicuous­
Iy depleted in Ni and olivine crystallizing 
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from such melts will contain very little Ni. 
The Saarijärvi peridotite illu strates this proc­
ess weil on the sca le of an individual intru­
s ion. In the northern part of the intru s ion, 
where evidence for mineralization has been 
found, the Ni co ncentrations in olivine are 
lower than those in the barren so uth ern pa rt of 
the intru sio n, eve n though forsterite abun­
dances are s imil ar in both cases (T abl e 6). In 
Venetekemä and Niinimäki intrusions a 
marked decrease in olivine Ni co ncentrations 
is concomitant with a decrease in Fo co ntent 
and record s the onset of sulfide separation 
(Fig. 58). These observations also indi ca te 
that o li vine was c ry stallizing throughout the 
sulfide separation proces s and also demon-

Fig. 58. Composition of olivine in Juva area compared to the 
fie ld forolivines in peridotitesofupper mantle, Archean komati­
ites, basalts and layered intrusions. A = composition of olivine 
in equilibrium wi th a sulfide melt having 10 m-% NiS (Fleet et 
al. , 1977). U = ultramafic lava and si ll , other abbreviations as in 
Figure 57 (NIl = Niinimäki). 
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-SAA 

20.00 25.00 30.00 

Ni(ol)/Fo 

Fig. 59. Mass ratio (R) between sil icate melt and su lfide melt as a funtion of nickel content in olivine. To avoid the effec t of 
positive correlation between o livine forsterite and nickel contents Ni/Fo has been used. Abbreviations as in Figure 57. 
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Fig. 60. Olivine cobalt content as a function of forsterite 
content. M = metamorphic olivine, other symbols as in Figure 
17. Detection limit for cobalt is 100 ppm. 

strates how suitable these intrusions were for 
the formation of Ni mineralization. The steep­
Iy descending trend from relatively high (> 

1000 ppm) olivine Ni concentrations clearly 
indicates that sulfide separation has taken 
place within the intrusion itself and not at 
deeper crustallevels. Thus, olivines with high 
Ni contents represent crystallization during 
the earliest stages of sulfide separation. 

A comparison of the olivine data for the 
Juva district intrusions with the general oliv­
ine compositional field (Fig. 58) indicates 
that the Pihlajasalo, Kiiskilänkangas and 
Lumpeinen olivines are Ni-poor, while the 
Saarijärvi , Venetekemä, Kekonen and to so me 
extent also the Niinimäki and Turunen intru­
sions represent more usual olivine composi­
tions . Metamorphic olivines from the ultra­
mafic lavas and sills tend to plot both within 
and outside the magmatic field , so that olivine 
Ni abundance alone is not a diagnostic crite­
rion for determining whether or not olivine is 
primary. 

It is noteworthy that the composition of the 
Rantala olivines corresponds almost exactly 

to that of experimentally determined data for 
a melt NiS concentration of 10 mole % , which 
according to Fleet et al. (1977), corresponds to 
the composition of most naturally occurri ng 
Ni deposits . On this basis it can be conc luded 
that the Rantala metamorphic olivines crys­
tallized in equilibrium with sulfides in the 
same rocks (Fig. 58). The olivines from the 
Kiiskilänkangas intrusion shows similar char­
acteristics to those from Rantala, with Ni con­
centrations increasing sympathetically with 
fayalite content. Because the Kiiskilänkangas 
intrusion contains abundant sulfides through­
out, it is possible that chemical reequilibration 
between olivine and sulfides has taken place 
during regional metamorphism. 

According to investigations by Häkli 
(1963) , there is a positive correlation between 
the Ni conte nt of olivine and that of the sulfide 
fraction in S vecofenn i an Ni -bearing i ntru­
sions. Because the sampies studied are all 
sulfide bearing , it is nevertheless possible that 
equilibration has taken pi ace during metamor­
phism. On the other hand, as noted earlier , if 
the R value is low, then the Ni contents ofboth 
the oli vi ne and the su Ifide fraction can also be 
low, and conseq uently , posi ti ve correlations 
could still be primary in origin. 

Olivine Co concentrations as a function of 
forsterite content is considered in Figure 60, 
where the Co content of primary olivine is 
seen to be of the same order of magnitude in 
each of the occurrences . A negative correla­
tion between Co and Fo contents is neverthe­
less discernible and indicates that Co can sub­
stitute for Fe in the olivine lattice. In contrast 
to Ni there is no correlation between R values 
and Co concentration in olivine , so that Co 
abundances in olivine cannot be used as a 
reliable indicator of mineralization potential. 
In contrast there is a positive correlation be­
tween the Cu and Ni concentrations of ol ivine 
(Table 6), such that Cu concentration can also 
be used as a general indicator of sulfide sep­
aration and hence mineralization. 
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Orthopyroxene 

The Ni concentration of orthopyroxene 
shows positive correlation with olivine Ni 
abundances (Fig. 61) and therefore it too has 
potential as an indicator of sulfide se paration. 
The partition coefficient between melt and or­
thopyroxen e for Cu is around 1 (data compi­
lation by Hanski , 1983), which is s ignificant­
Iy less than that betweee n sulfide and silicate 
melt (about 250), so that the Cu co ntent of 
orthopyroxene should also reveal whether or 
not sulfide separation has taken place. In the 
southern pa rt of the Saarijärvi peridotite , ol­
ivine and orthopyroxene have higher Ni con­
centrations than in the northern part of the 
intru s ion ; the same applies to the Cu concen­
tration in orthopyroxene (Fig. 62) . Althou gh 
the difference is not great, th e res ult s never­
theless indicate that Cu s hould be meas ured as 
a poss ibl e indicator of minera lizat ion. 
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Fig. 61. Correlation between the nickel contents of orthopyrox­
ene and o li vine in Saarijärvi and Niinimäki intrusions and in 
ultramafic rocks from Rantala and Levänomainen (= metamor­
phic). Detection limil for nickel is 100 ppm. 
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F ig. 62. Orlhopyroxene coppe rconlenls in the soulhern (filIed squares) and northern (open squares) parts 
of the Saarijärvi intrus ion. Detection limit for copper is 0.0 I w-%. 
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Chrome spinel 

According to Groves et al. (1977), the ZnO 
content of chrome spineis is higher (>I w- %) 
in mineralized ultramafic rocks from Western 
Australia than in barren lithologies. Lamberg 
and Peltonen (1991) and Peltonen (l995c) 
found similar features in the ultramafic intru­
sions of the Vammala district - chrome spinel 
ZnO contents are indeed higher in the miner­
alized intrusions. 

The ZnO concentrations in the chrome spi­
nels of the Juva district seem to have been 
principally controlled by magmatic differenti­
ation since the lowest ZnO abundances are 
found in rocks having the highest MgO con­
tents (Fig. 63) . Neither does it seem possible 
to discriminate between mineralized (Niini­
mäki, Pihlajasalo , Venetekemä) and barren 
intrusions on the basis of ZnO in spinel. The 
Venetekemä sampIes differ from the trend 
defined by the other intrusions because of 
their distinctly lower ZnO contents although 
comparison of results is hindered by the fact 
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that the analyses were made using different 
techniques. The Venetekemä data nevertheless 
suggest that the ZnO contents of chrome spi­
nel are not critical indicators of mineraliza­
tion, at least in this intrusion, and possible 
throughout the Juva district as a whole. 
Hanski (1993) came to similar conclusions 
with respect to the deposits of the Pechenga 
district in the northern part of the shield. 

It also seems that the Ni contents of chrome 
spineIs follow magmatic differentiation 
trends. However, the mineralized Niinimäki 
and Pihlajasalo intrusions have somewhat 
lower Ni concentrations in spinel than those 
from the bar ren to weakly mineralized Saari­
järvi intrusion at equivalent MgO abundances 
(Fig.63) . Therefore, the Ni content of chrome 
spinel may be used as an indicator of miner­
alization in the same way as i in olivine , as 
advocated by Hanski (1993). Peltonen (1995d) 
arrived at similar conclusions with regard to 
the intrusions of the Vammala district. 
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Fig. 63 . ZnO and NiO contents of chrome sp inel as a function of MgO content in different intrusions. Symbols as in Figure 17. 
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W h ole rock a n a lyt ical d ata 

lf sulfide separation occurred at deep crus­
tal levels, then single stage intrusions should 
have higher mineralization potential since the 
sulfide melt will be intimately associated with 
the intrusion itself. For two-stage intrusions 
emplaced higher in the crust, it is possible that 
the sulfide melt does not continue to ascend 
with the olivine-rich silicate melt to the final 
site of emplacement. However , the Rantala 
ultramafic sill demonstrates that in some cases 
a sulfide melt can accompany the silicate melt 
to the final emplacement level. 

Whole-rock Ni abundances appear to be re­
liable indicators of ore potential since the Ni 
content of a sulfide-poor rock effectively cor­
responds to the abundance of Ni in mafic 
minerals. Figure 64 illustrates the Ni concen­
trations of the Luonteri -Heiskalanmäki zone 
intru sio ns as a function of MgO ; Ni contents 
are conspicuously lower than in comagmatic 
mafic volcanics, thereby indicating that apart 
of the Ni has been removed with the sulfide 
fraction. 

If contamination is considered to be a sig­
nificant factor in separation of sulfides, then 
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the diagrams showing different degrees of 
contamination are also effective in indicating 
ore potential. Figure 65 presents such poten­
tially useful diagrams , based on the results of 
the Juva district investigations. In addition to 
using the general results of REE analyses, it 
appears that an olivine cumulate could be re-
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Fig. 64. Whole rock Ni content as a function of MgO content in 
Luonteri-Heiskalanmäki zone. 
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Fig. 65 . Kotalahti and Vammala type sampies in Zr-MgO and P,05-MgO diagrams. 
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Fig. 66. Compositions of several Ni-Cu deposits and the parent 
magmas to their host rocks compared to Ni-Cu occurrences in 
the Juva area (s tars). HIT = Hitura , KOT = Kotalahti, KYL = 
Kylmäkoski, ORA = Oravainen, STO = SlOrmi, LAU = Lau­
kunkangas. Other data after Rajamani and Naldrett ( 1978) . 
Composition 01' sulfide fractions for Finnish deposits after 
Papunen and Vorma ( 1985, Table 3). 

which corresponds to a negative sloping 
LREE pattern. 

A COMPARISON BETWEEN Ni -Cu OCCURRENCES OF THE JUVA DISTRICT 
AND OTHER SVECOFENNIAN OCCURRENCES IN FINLAND 

Based on Fo contents the estimated MgO 
concentration of the parent magmas to the 
Juva district intrusions appears to have been 
broadly similar to that of the host rocks to 
other Svecofennian Ni-Cu deposits in Finland 
(compare with Mäkinen, 1987). The similari­
ti es in chrome spinel compositions also sug­
gest a similar kind of parent magma and the 
Juva district apparently contains both the 
Vammala-type and Kotalahti-type intrusions. 

The Ni-Cu occurrences of the Juva district 
are invariably associated with the basal strati­
graphie parts of the intrusions , a feature 
which has also been recognized elsewhere, 
including Enonkoski (Grundström , 1985) and 
Stormi (Häkli et al., 1979). 

The occurrences of the Juva district tend to 
be mineralogically simple, the dominant 
sulfide minerals being pyrrhotite , pentlandite 
and chalcopyrite, as in numerous other Sve­
cofennnian intrusions in Finland (Papunen 
and Gorbunov, 1985). 

The country rocks to the Ni-Cu occurrences 

of the Juva district are gneisses derived from 
predominantly turbiditic protoliths, which is 
also typical of other Svecofennian Ni-Cu ore 
provinces in Finland (Häkli et al.,1979). 

Figure 66 shows a comparison of the Juva 
district Ni-Cu occurrences to the most impor­
tant Svecofennian Ni-Cu deposits in Finland , 
and to some deposits outside Finland . Parent 
magma MgO contents for Finnish deposits 
have been calculated based on the highest Fo 
values listed in the available literature for 
each intrusion, using Equations 7 and 9. On 
these diagrams the Juva deposits are indistin­
guishable from those elsewhere in Finland. 

If R values are high , then sulfide melts 
should contain more PGE than if R is low . Of 
all the Svecofennian deposits, only Hitura has 
been found to have significant enrichment in 
PGE (Häkli et al., 1976). On this basis R could 
be inferred as being greater at Hitura than in 
the other intrusions. Some of the deposits in 
the Juva district have typical Pt-Pd abundances 
between 0.1-1 ppm , which could be attributed 
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Fig. 67. Correlat ion between the nickel content in su lfide liq uid and the amount of si licate liq uid as a funct ion of different 
mass ralios (R) between silicate and sul fide liquids and nicke l contents in 100 % sulfides (Ni

sF
) ' Juva occurrences fa ll 

between R va lues of log 2 and log 3. 

to hi g he r th a n average R va lu es. P apu ne n 

(1989) rega rd ed low R va lues as o ne pote nti a l 
e xplan ati o n fo r th e ge ne ra ll y low PGE eo n­
ee ntrati o ns in S veeofe nnia n N i-C u depos it s. 

Co nta min a ti o n has bee n in vo ked in the in ­
tru s io ns of th e V a mm a la di s tri e t w ith de­
seendin g LRE E tre nds observed (P e lto ne n, 
1995b), a nd s imilar fea tures a re p rese nt in the 
Ju va di stri e t. The low E

Nd
( 1.9 G a) va lu e of 

+O .2 ±O .5 fo r th e L a ukunk a ngas intru s io n 

(Huhm a, 1986) is also eo ns is te nt w ith eo n­
ta min a ti o n. 

O ve ra ll th e Ni-C u oeeurre nees of the Ju va 
d istriet rese mbl e those of th e Ko ta la hti a nd 
Va mm a la d is tri e ts w ith respee t to bo th eo m-

pos iti o n a nd mode of oeeurre nee. For thi s 
reaso n it is eo ns id ered th at exp lo rati o n o ut­

s ide these traditi o na ll y defin ed zo nes sho uld 
be eo ntinued . 

Beeause the o re me ta ls are ult imate ly de­
ri ved fr o m th e sa me mag m a as the hos t int ru­
s io ns, a pos iti ve eo rre lat io n ex is ts be twee n 
the s izes o f o re deposi ts a nd the hos t intru ­
s io ns (Fig. 67). Thi s eo rre la ti o n is neverth e ­
less so mew hat o bse ured by th e ra ndo m a nd 
va ri a bl e natu re of the prese nt eros io n leve l. 

T he s mall sizes of th e prese ntl y kn ow n Ju va 
di s tri e t de pos its ea n therefo re be ex pla in ed by 
th e ge ne ra ll y sma ll s izes of th e intru sio ns 
themse lves . 

SUMMARY 

The mafie and ultra mafie intru sio ns of the 

Juva di s tri e t re prese nt mag ma that was intrud -
ed as p redo min a ntl y eo neo rd a nt bodi es into 

me ta pe liti e sedime nts, prio r to defo rm ati o n 
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and reorientation into their present steeply 
dipping attitudes. Isotopic age constraints on 
the timing of deformation and metamorphism 
indicate that intrusion took place at about 1.9 
Ga. Some of the magma reached the sea-floor, 
where it erupted as pillow lavas, now mainly 
represented by amphibolites. 

The intrusions can be classified into single­
stage and two-stage types, the former being 
the result of intrusion directly to their present 
position , while the latter underwent initial 
crystallization in a temporary magma chamber 
or flow conduit prior to final crystallization at 
higher crustal levels. The single-stage intru­
sions record a continuum of compositional 
trends , typically with differentiates ranging 
from peridotites through to gabbros. The two­
stage intrusions usually consist of gabbros 
and younger peridotites with sharp mutual 
intrusive contacts. The ultramafic volcanics 
represent the eruption of magmas that became 
progressively enriched in cumulus olivine. 

The MgO content of the parent magmas 
varied between 8 - I I w- % and corresponded 

to tholeiitic basalt in composition, with AIPi 
Ti0

2 
ratios of around 10. Variable contamina­

tion by crustal material resulted in differences 
in the CaO/AI

2
0

3 
ratios between intrusions 

prior to the commencement of silicate crystal­
li zation. Evidence for such contam i nation i n­
cludes elevated LREE abundances and low 
cN/T) values. Wehrlitic rocks crystallized 
from the CaO-rich magmas, and Iherzolites 
from CaO-poor magmas and olivine was the 
first and dominant cumulus mineral in all of 

the peridotites. 
The Ni-Cu deposits formed by separation of 

the sulfide melt from silicate melt , with 
sulfide separation being responsible for both 
lowering of temperature and contamination. 
The sulfide melts accumulated towards the 
bases of the intrusions , so that ore deposits 
invariably occur near basal contacts. Howev­
er , because of subsequent deformation , ore 
bodies may presently be located within both 
footwall and hanging wall positions with re-

spect to their host rocks. Some offset deposits 
have been identified and these can be of either 
primary or tectonic origin. 

The initial metal abundances in the silicate 
melts strongly influenced the ultimate compo­
sition of the sulfide melts, as did the R values 
(proportion of silicate melt to sulfide melt), 
and the partition coefficients between the sil­
icate and sulfide melts for various elements. 
D~~ l /s il varied between 243 - 530 and log R 

ranged between 2.29 - 2.97. The highest PGE 
abundances occur in intrusions where R is 
greatest and where sulfide separation oc­
curred within a highly differentiated magma . 
Ore formation evidently took place in situ. 

The su I fide melt underwent fractional crys­
tallization, which explains the development of 
metal zonation within some of the ore deposits, 
the upper parts being enriched in residual melt 
and contai ni ng preferential concentrations of 
Cu, Pt , Pd and Au. The predominant sulfide 
minerals are pyrrhotite, pentlandite and chal­
copyrite. All deposits contain Ni-Co arsenides 
although these are at their most abundant in 
intrusions that ha ve elevated Pt and Pd concen­
trations. Pentlandite also has high As contents 
in such Pt-Pd enriched intrusions. 

The single stage intrusions have greater 
mineralization potential than the two-stage in­
trusions. Mineralized intrusions also have 
higher abundances of elements associated 
with contamination processes , including REE , 
P

2
0

5 
and Zr. Similarly , the results of Sm-Nd 

isotopic investigations indicate that mineral­
ized intrusions tend to have lower c N/T) than 
do barren intrusions. 

Mineralized intrusions also tend to have 
lower Ni concentrations in olivine , whilst a 
positive correlation has been found between 
the R value and olivine Ni contents . everthe­
less , the possibility of metamorphic equilibra­
tion between primary olivine and sulfide min­
erals means that the Ni contents in olivine 
should be treated with caution when using 
them to infer mineralization potential. Other 
potential mi neral ization i ndicators i nc I ude Cu 
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in olivine, Ni and Cu in orthopyroxene, I In 
chrome sp inel and whole-rock Ni abundances. 

The Ni-Cu deposits of the Juva district cor­
relate weil with other Svecofennian deposits 

in terms of both composition and general 
mode of occ urrence, a lth o ug h R values in 

some Ju va district deposits tend to be some­
what higher. It is therefore concluded that 
areas outside the traditionally defined Vam­
mala and Kotalahti Ni belts should be consid­

ered as prospective from the point of view of 

Ni-Cu mineralization. 
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Appendix 1. Whole rock chemical dala for Ihe Juva area. Oxides and S in weighl %, olhers in ppm. GB=gabbro and more felsic differentiales, PRD=peridotile, 
UMAF=ullramafic rock, GN= ar-cord - neiss, M.DYKE=mafic d ke, MARG.=chilied mar in, n.d.=nol delermined, <=below deleclion limil, >=minimum conlenl. 

Occurrence ALANEN HEISKALANMÄKI 
Sam pie 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB 
Si02 51.82 52.16 49.80 53.73 53.47 54.24 54.01 63.83 53.03 54.14 52.48 54.27 51.55 52.99 51.21 52.59 54.59 
Ti02 0.53 0.61 0.80 0.90 0.76 0.79 l.14 0.70 0.58 0.65 0.75 0.70 1.24 0.67- 0.73 0.87 0.44 
AI203 17.83 17.53 20.18 17.56 18.72 19.76 19.33 16.08 7.61 8.26 9.61 9.14 1l.82 10.86 10.47 10.20 13.24 
FeOtot 9.46 8.88 8.86 7.65 905 7.20 8.97 5.65 7.28 14.61 8.24 9.32 8.27 7.35 10.85 7.72 9.03 
MnO 0.150.150.140.120.140.11 0.11 007 0.14 0.21 0.130.140.120.13 0.17 0.15 0.15 
MgO 9.52 9.32 8.64 7.39 6.56 5.79 5.55 3.78 17.59 16.77 15.78 15.62 15.43 14.90 14.82 14.8 1 14.47 
CaO 7.38 7.84 9.83 7.97 7.79 8.40 5.70 4.90 12.77 3.85 11.23 9.42 8.14 11 .16 10.06 1l.92 5.78 
Na20 2.11 2.07 0.82 2.65 2.14 2.27 2.77 2.79 0.46 0.48 0.78 0.55 0.53 0.83 0.71 0.63 l.07 
K20 l.09 1.33 0.77 1.73 l.22 1.31 2.35 l.88 0.37 0.72 0.710.64 2.13 0.76 0.59 0.58 l.07 
P205 0.11 0.11 0.180.300.160.1 1 007 0.34 0.17 0.31 0.300.200.77 0.35 0.40 0.53 0.17 
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Occurrence I 
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Occurrence I 
Sampie 33 34 
Lithology GB GB 
Si02 52.55 49.49 
Ti02 
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FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
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Sn 
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Sr 
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16.81 
10.11 
0.15 
7.20 
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40 
22 

146 
n.d. 
<20 
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0.12 
dO 
117 
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24 
14 
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73 
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9.44 
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1.78 
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232 

<20 
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n.d. 
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6.95 
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2.36 
0.27 
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72 
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73 

<20 
182 
n.d. 

43 

<10 
0.82 
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28 
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275 

15 
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34 

63 
66 
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GB 

49.63 
1.09 

21.12 
9.73 
0.15 
6.70 
8.52 
2.12 
0.66 
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61 

322 
<20 
<20 
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n.d . 
<20 
<10 
0.05 

<30 
33 
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26 

<10 
33 

<10 

<10 
<30 

44 

57 
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GB 
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0.63 
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8.16 
0.13 
6.64 
9.49 
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0.28 
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51 
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n.d. 
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0.14 
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8.90 
2.24 
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0.37 
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42 
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n.d . 
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27 
12 

150 

25 
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50.21 53.40 51.12 
1.45 

20.25 
10.20 
0.17 
5.76 
7.60 
2.94 
0.99 
0.42 

191 
100 
223 

54 
<20 
154 
n.d. 
<20 
<10 
0.14 

<30 
37 

313 
595 
26 
12 
96 
19 

<10 
<30 

63 

85 

1.29 
18.68 
9.43 
0.13 
5.73 
6.53 
2.61 
1.78 
0.41 

226 
75 

236 
42 
21 

152 
n.d. 
<20 
<10 
0.16 

<30 
87 

642 
477 

28 
11 

115 
22 

<10 
36 
72 

114 

1.68 
19.04 
10.72 
0.14 
5.73 
6.92 
2.48 
1.64 
0.53 

205 
78 

328 
58 
20 

155 
n.d . 
<20 

<10 
0.16 
<30 

79 
477 

590 
25 
15 
68 
21 

<10 
<30 

71 
79 

42 
GB 

53.68 
1.72 

16.59 
11 .50 
0.15 
5.71 
5.84 
2.71 
1.54 
0.54 

173 
69 

306 
28 
25 

193 
n.d . 
<20 
<10 
0.03 

<30 
76 

485 
491 

25 
17 

81 
24 

<10 
45 
74 

185 

43 
GB 

50.85 
1.27 

20.29 
9.67 
0.14 
5.67 
7.83 
3.08 
0.76 
0.44 

214 
76 

280 
29 

<20 
141 

n.d. 
<20 
<10 
0.12 
<30 

28 
298 
642 

26 

<10 
76 
18 

<10 
<30 

62 
75 

44 
GB 

53.32 

45 

GB 
49.26 

1.17 1.54 
19.00 20.71 
9.47 10.68 
0.14 0.15 
5.45 5.29 
7.63 8.64 
2.62 2.57 
0.81 0.55 
0.39 0.63 

220 133 
75 38 

226 368 
<20 23 

20 23 
138 148 

n.d. n.d. 
<20 <20 
<10 <10 
0.02 0.12 

<30 <30 
37 23 

383 279 
517 550 

26 27 
11 <10 
70 23 
32 19 

<10 <10 
30 <30 
75 42 
64 76 

46 

GB 
5050 

47 
GB 

51.20 
1.78 1.30 

18.88 20.29 
11 .70 9.74 
0.14 0.14 
5.21 5.17 
6.41 7.40 
2.97 3.18 
1.78 1.13 
0.62 0.46 

141 181 
90 67 

292 243 
174 30 
20 <20 

232 147 
n.d. n.d. 
<20 <20 
<10 <10 
0.49 0.13 

<30 <30 
90 35 

429 438 
513 627 
34 27 
20 12 
62 79 
21 21 

<10 <10 
<30 49 

75 88 
196 97 



Appendix 1. Continued 4/22. 

Occurrence I 
Sampie 
Lithology 
Si02 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

48 
GB 

54.55 
1.17 

18.59 
8.47 
0.12 
5.09 
6.08 
3.40 
2.12 
0.40 

243 
85 

199 
25 
24 

149 
n.d. 
<20 
<10 
0.05 
<30 
100 
526 
504 

26 
14 

176 
23 

<10 
37 
96 

121 

49 
GB 

53.02 
1.33 

19.28 
8.61 
0.10 
4.95 
5.84 
3.27 
3.00 
0.60 

187 
69 

212 
<20 

27 
162 

n.d. 
<20 
<10 
0.05 
<30 
144 
559 
482 

33 
22 

163 
23 

<10 
48 
85 

250 

50 
GB 

52.38 
1.36 

20.02 
9.27 
0.13 
4.79 
7.04 
3.11 
1.46 
0.45 

154 
60 

237 
31 
25 

143 
n.d. 
<20 
<10 
0.10 
<30 

68 
614 
587 

31 
13 

128 
23 

<10 
41 
74 

149 

51 
GB 

55.18 
1.18 

18.50 
8.23 
0.12 
4.70 
6.40 
3.26 
2.04 
0.39 

184 
69 

207 
26 
21 

136 
n.d. 
<20 
<10 
0.06 
<30 
100 
661 
510 

28 
16 

194 
31 

<10 
44 
94 

130 

52 
GB 

46.37 
2.01 

21.83 
11.24 
0.13 
4.59 
8.28 
2.42 
2.15 
0.98 

83 
47 

297 
65 
22 

138 
n.d. 
<20 

<10 
0.17 
<30 

51 
3318 
908 

29 
<10 
141 

16 
<10 

80 
170 
96 

53 
GB 

48.66 
1.29 

21.86 
11 .44 
0.18 
4.47 
8.29 
2.60 
0.97 
0.24 

222 
73 

306 
61 

<20 
183 

n.d. 
<20 
<10 
0.20 
<30 

43 
598 
622 

29 
10 

127 
12 

<10 
<30 

44 
83 

HIETAJÄRVI 

54 55 
GB GB 

49.67 50.21 
2.47 1.90 

19.55 20.66 
11.40 10.31 
0.15 0.14 
4.27 4.27 
7.09 7.62 
3.24 308 
1.37 1.24 
0.81 0.58 

84 
38 

353 
34 
24 

153 
n.d. 
<20 
<10 
0.10 
<30 

63 
452 
567 
30 
21 
81 
18 

<10 
37 
86 

116 

93 
30 

301 
39 
25 

147 
n.d. 
<20 
<10 
0.15 
<30 

64 
597 
664 

29 
14 

101 
18 

<10 
<30 

67 
170 

56 
GB 

49.54 
1.62 

21.53 
9.78 
0.12 
4.17 
8.20 
3.11 
1.27 
0.65 

97 
31 

257 
24 
23 

162 
n.d. 
<20 
<10 
0.14 
<30 

72 
612 
716 
35 
12 
86 
24 

<10 
37 
81 

199 

57 
GB 

58.88 
1. 14 

17.69 
7.33 
0.10 
4.06 
5.31 
3.07 
2.06 
0.36 

159 
52 

190 
<20 

30 
122 

n.d. 
<20 
<10 
0.05 
<30 
137 
596 
415 

23 
18 

231 
32 

<10 
47 
97 

108 

58 
GB 

48.37 
1.71 

22.04 
9.84 
0.12 
4.03 
9.96 
2.47 
0.75 
0.73 

88 
29 

279 
55 
21 

132 
n.d. 
<20 
<10 
0.44 
<30 
39 

626 
720 

33 
11 

129 
35 

<10 
38 
83 

144 

59 
GB 

56.39 
1.16 

18.87 
7.89 
0.11 
4.03 
5.86 
2.97 
2.27 
0.44 

128 
48 

195 
37 
20 

146 
n.d. 
<20 
<10 
0.12 
<30 
130 
499 
499 

28 
17 

140 
29 

<10 
43 
87 

242 

60 
GB 

49.32 
2.08 

21.65 
11.15 
0.12 
3.96 
6.61 
3.45 
1.64 
0.03 

90 
69 

223 
47 
25 

172 
n.d. 
<20 
<10 
0.13 
<30 
56 

1085 
669 

33 
24 

453 
<10 
<10 
<30 

50 
65 

61 
GB 

51.08 
1.78 

20.36 
10.23 
0.12 
3.77 
6.50 
3.47 
2.01 
0.68 

101 
49 

248 
33 
29 

156 
n.d. 
<20 
<10 
0.12 
<30 

97 
1068 
550 

30 
21 
58 
36 

<10 
50 
99 

120 

62 
GB 

51.80 
2.03 

19.65 
10.31 
0.10 
3.73 
7.29 
2.85 
1.49 
0.76 

76 
35 

276 
86 
29 

159 
n.d. 
<20 
<10 
0.46 
<30 

94 
1555 
798 
33 
13 

120 
20 

<10 
64 

125 
338 



Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Go 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

GB 
50.98 

1.73 
21. 18 
lO.50 
0.13 
3.62 
6.14 
3.75 
1.81 
0.15 

lO2 
55 

208 
62 
31 

164 
n.d. 
<20 
<lO 
0.17 
<30 

63 
1227 
606 

29 
21 

230 
13 

<lO 
31 
53 
71 

GB 
49.17 
2.05 

20.52 
11 .64 
0.13 
3.53 
7.46 
3.47 
1.23 
0.79 

70 
30 

234 
<20 

20 
154 

n.d. 
<20 
<lO 
0.05 
<30 

66 
798 
636 

28 
23 

213 
20 

<lO 
40 
88 

121 

65 
GB 

65.02 
0.72 

19.32 
4.89 
0.03 
2.1 9 
0.53 
1.83 
5.39 
0.09 

lOl 
55 

11 7 
<20 

61 
167 

n.d. 
<20 
<lO 
0.02 
<30 
153 
746 
135 
34 
22 

204 
<lO 

20 
69 

152 
70 

66 
PRO 

43.12 
1.04 
5.99 

16.16 
0.21 

28.01 
4.03 
0.62 
0.34 
0.48 

2130 
1394 
166 
163 
<20 
133 
126 
<20 
<lO 
0.20 
<30 

14 
177 
119 

n.d. 
<lO 
lO7 
19 

<lO 
32 
41 

350 

67 
PRO 

43.49 
0.63 
7.45 

15.50 
0.20 

26.85 
4.20 
0.62 
0.83 
0.23 

2054 
lllO 
129 
93 

<20 
145 
120 
<20 
<lO 
0. 12 
<30 

23 
173 
114 

n.d . 
<lO 

71 
11 

<lO 
<30 

30 
273 

68 
PRO 

41.67 
0.53 
7.13 

18.49 
0.22 

26.22 
4.35 
0.91 
0.25 
0.21 

1791 
6253 

131 
llO2 

26 
172 
257 
<20 
<lO 
3.34 
<30 
<lO 
104 
124 

n.d. 
<lO 

38 
11 

<lO 
<30 
<30 
465 

69 
PRO 

44.16 
0.70 
8.36 

15.50 
0.22 

24.47 
5.07 
0.95 
0.33 
0.23 

1678 
6702 

128 
3263 

31 
203 
251 
<20 
<10 
3.8 1 
<30 
<lO 
126 
140 

n.d. 
<10 

53 
<lO 
<lO 
<30 
<30 
138 

KEKONEN 
70 71 

PRO GB 
48.05 46.79 
0.46 0.67 

lO.36 lO.38 
lO.86 
0.18 

21.09 
703 
1.03 
0.85 
0.09 

990 
1769 
145 

1219 
<20 
135 
92 

<20 
<lO 
0.93 
<30 

17 
99 

100 
n.d. 
< lO 

38 
11 

<lO 
<30 
<30 
126 

13.22 
0.19 

20.99 
6. 12 
1.13 
0.37 
0.15 

23 15 
1118 
165 
298 
<20 
169 
109 
<20 
<lO 
0.41 
<30 
<10 
140 
168 

n.d. 
<lO 

45 
11 

<lO 
<30 

30 
11 2 

72 
GB 

44.90 
0.68 

11 .83 
13.60 
0.20 

19.34 
7.30 
1.67 
0.32 
0.16 

1436 
794 
154 
179 
<20 
117 
104 
<20 
<lO 
0.16 
<30 
<lO 
134 
183 

n.d. 
<lO 

59 
17 

<lO 
<30 
<30 
127 

73 
PRO 

46.86 
0.56 

12.37 
12. 19 
0.18 

17.88 
7.97 
1.27 
0.60 
0.12 

865 
869 
167 
121 
<20 
11 7 
11 5 
<20 
<lO 
0.14 
<30 

18 
133 
181 

n.d . 
<10 

54 
11 

<lO 
<30 
<30 
lOl 

74 
GB 

45.79 
0.63 

14.49 
11 .29 
0.15 

16.71 
8.41 
1.35 
1.04 
0.14 

1120 
2457 

133 
2082 
<20 

83 
124 
<20 
<lO 
1.27 
<30 

32 
105 
162 

n.d. 
<lO 

53 
12 

<lO 
<30 

32 
160 

75 
GB 

46.72 
0.98 

13.21 
11.99 
0. 18 

16.60 
7.94 
1.63 
0.55 
0.20 

964 
475 
171 
132 
<20 
lO2 
83 

<20 
<lO 
O.lO 
<30 

13 
149 
187 

n.d. 
<lO 

70 
14 

<lO 
<30 
<30 
132 

76 
GB 

47 .14 
0.89 

14.18 
11 .57 
0.17 

15.97 
8.02 
1.08 
0.80 
0.19 

921 
435 
171 
11 2 
<20 

94 
86 

<20 
<lO 
O.lO 
<30 

22 
171 
187 

n.d. 
<lO 

88 
18 

<lO 
<30 

31 
122 

77 
GB 

47.45 
0.37 

16.3 1 
lO.09 
0.17 

13.52 
9.37 
0.82 
1.82 
0.08 

501 
314 
127 
60 

<20 
lOl 
75 

<20 
<lO 
0.06 
<30 

55 
123 
248 
n.d. 
<10 

37 
lO 

<lO 
<30 
<30 
144 



lithology 
Si02 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

78 
GB 

48.37 
0.74 

15.23 
10.95 
0.16 

13.38 
8.32 
0.77 
1.96 
0.13 

648 
387 
155 
105 
<20 
104 
69 

<20 
<10 
0.09 
<30 

65 
174 
222 
n.d. 
<10 

65 
17 

<10 
<30 

31 
131 

79 
GB 

48.74 
1.02 

16.43 
10.28 
0.15 

11 .53 
9.29 
1.77 
0.59 
0.19 

487 
318 
182 
88 

<20 
91 
69 

<20 
<10 
0.12 
<30 

17 
201 
274 
n.d. 
<10 

95 
19 

<10 
<30 

43 
135 

80 
PRO 

42.09 
0.45 
6.14 

14.65 
0.19 

30.64 
3.01 
0.13 
2.51 
0.19 

2651 
1082 

94 
35 

<20 
156 
121 
<20 
<10 
0.08 
<30 
115 
155 
24 

n.d. 
<10 

46 
11 

<10 
<30 
<30 

1704 

81 
PRO 

46.96 
0.34 
8.47 

12.42 
0.19 

24.01 
6.04 
1.25 
0.26 
0.06 

680 
230 
n.d. 

99 
n.d. 

13 
55 

n.d. 
n.d. 
0.15 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

82 
PRO 

48.52 
0.34 
9.24 

10.75 
0.17 

22.39 
6.71 
1.30 
0.52 
0.05 

950 
170 
n.d. 

60 
n.d . 
<10 

36 
n.d. 
n.d . 
0.10 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

KIISKILÄNKANGAS 
83 84 85 

PRO 
46.87 
0.27 

10.14 
12.20 
0.18 

22.33 
6.58 
1.13 
0.28 
0.04 

918 
990 
166 
485 
<20 

92 
164 
<20 
<10 
1.13 
<30 

11 
70 
70 

n.d. 
<10 

24 
<10 
<10 
<30 
<30 

84 

GB 
48.15 
0.24 

12.89 
10.06 
0.16 

19.70 
7.59 
0.87 
0.32 
0.03 

1324 
304 
198 
173 
<20 

77 
84 

<20 
<10 
0.39 
<30 

13 
80 
82 

n.d. 
<10 

22 
<10 
<10 
<30 
<30 

79 

GB 
46.36 
0.35 

14.79 
11 .27 
0.15 

17.62 
7.61 
1.32 
0.48 
0.05 

785 
1569 

147 
1159 

28 
86 

268 
<20 
<10 
2. 15 
<30 

15 
117 
101 

n.d. 
<10 

36 
<10 
<10 
<30 
<30 
125 

86 
GB 

48.50 
0.31 

14.02 
9.59 
0.16 

17.40 
8.55 
1.00 
0.45 
0.04 

970 
95 

182 
42 

<20 
77 
69 

<20 
<10 
0.11 
<30 
21 
94 
92 

n.d. 
<10 

33 
<10 
<10 
<30 
<30 

88 

87 
GB 

49.15 
0.38 

15.04 
9.41 
0.15 

15.99 
8.11 
1.20 
0.51 
0.06 

926 
69 

191 
39 

<20 
80 
69 

<20 
<10 
0.07 
<30 

22 
115 
118 
n.d . 
<10 

41 
<10 
<10 
<30 

31 
78 

88 
GB 

52.15 
0.40 

13.59 
10.69 
0.17 

12.51 
7.81 
1.96 
0.65 
0.07 

714 
153 
189 
<20 
<20 
102 

71 
<20 
<10 
0.03 
<30 

27 
141 
134 
n.d. 
<10 

43 
16 

<10 
<30 
<30 
124 

89 
GB 

51.73 
0.57 

15.50 
10.10 
0.16 

10.32 
8.74 
1.76 
1.05 
0.08 

473 
52 

209 
66 

<20 
91 
60 

<20 
<10 
0.24 
<30 
31 

200 
151 

n.d. 
<10 

70 
16 

<10 
<30 
<30 
130 

KOLOLAHOENS. 
90 91 92 

GB GB GB 
57.77 

1.28 
16.83 
1080 
0.15 
3.24 
5.89 
2.72 
1.02 
0.30 

69 
41 

168 
47 
22 

109 
38 

<20 
<10 
0.08 
<30 

40 
672 
423 
n.d. 

13 
216 

25 
<10 

38 
59 

273 

49.48 
0.85 
8.94 

13.14 
0.21 

17.22 
8.65 
0.43 
1.03 
005 

1300 
140 

n.d . 
70 

n.d . 
20 
30 

n.d. 
n.d . 
0.24 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

46.55 
0.67 

18.25 
9.15 
0.13 

11.99 
9.36 
0.00 
3.64 
0.27 

350 
290 
n.d . 
<10 
n.d . 

40 
40 

n.d . 
n.d . 
0.02 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 



A 

Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

93 
GB 

50.40 
0.90 

18.24 
8.13 
0.13 
7.21 

11 .07 
1.91 
1.68 
0.34 

290 
50 

n.d. 
50 

n.d . 
30 
20 

n.d . 
n.d . 
0.14 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

94 
GB 

46.12 
3.04 

16.14 
15.96 
0.21 
6.44 
9.91 
0.63 
0.83 
0.72 

14 
40 

n.d. 
60 

n.d . 
40 
30 

n.d . 
n.d . 
0.30 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

95 
GB 

53.23 
1.30 

17.94 
9.98 
0.12 
5.94 
7. 74 
1.28 
2.10 
0.36 

140 
50 

n.d . 
20 

n.d . 
50 
20 

n.d. 
n.d . 
0.11 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 

96 
GB 

55.25 
1.19 

17.44 
8.33 
0.10 
5.21 
7.65 
2.30 
2.23 
0.30 

90 
30 

n.d. 
20 

n.d . 
60 
20 

n.d . 
n.d . 
0.05 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 

97 
GB 

60.32 
0.87 

16.30 
6.91 
0.08 
4.68 
5.25 
3.16 
2.07 
0.35 

150 
120 

n.d . 
60 

n.d . 
60 
20 

n.d. 
n.d . 
0.11 

n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 

98 
GB 

60.14 
1.08 

17.42 
7.53 
0.09 
4.23 
5.09 
2.45 
1.85 
0.13 

110 
50 

n.d. 
30 

n.d . 
60 
20 

n.d . 
n.d . 
0. 13 
n.d . 
n.d. 
n .d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n .d . 
n .d . 
n .d . 
n.d. 

KOLOLAHDENSELKÄ 
99 100 101 

GB GB GB 
61.23 
0.79 

16.80 
6.28 
0.08 
3.92 
4.7 1 
3.43 
2.39 
0.35 

120 
60 

n.d . 
<10 
n.d . 

60 
20 

n.d . 
n.d . 
0.05 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

62.33 
0.75 

16.48 
5.53 
0.07 
3.77 
4.44 
4.51 
1.82 
0.31 

120 
70 

n.d. 
<10 
n.d . 

50 
20 

n.d. 
n.d . 
0.08 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 

62.73 
0.77 

16.66 
5.62 
0.07 
3.49 
4.46 
3.29 
2.56 
0.35 

110 
60 

n.d . 
20 

n.d. 
60 
10 

n.d. 
n.d. 
0.03 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

102 
GB 

64.04 
0.66 

16.38 
5.20 
0.07 
3.29 
4.03 
3.97 
2. 12 
0.26 

110 
60 

n.d. 
<10 
n.d. 

50 
10 

n.d . 
n.d . 
0.02 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 

103 
GB 

64 .88 
0.66 

16.07 
5.75 
0.08 
3.26 
4.86 
2.74 
1.54 
0.15 

110 
60 

n.d. 
40 

n.d . 
50 
40 

n.d . 
n.d. 
0.08 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

104 
GB 

60.51 
1.07 

17.67 
7.00 
0.06 
3.24 
5.07 
2.67 
2.43 
0.27 

47 
40 

n.d. 
60 

n.d . 
80 
20 

n.d . 
n.d . 
0.14 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

105 
GB 

63.47 
0.67 

15.91 
5.18 
0.06 
3.21 
4.45 
4.39 
2.39 
0.27 

100 
70 

n.d . 
<10 
n.d . 

40 
10 

n.d . 
n.d . 
0.02 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 

106 

GB 
65.85 
0.56 

15.81 
4.50 
0.06 

2.74 
3.65 
4.07 
2.50 
0.25 

100 
60 

n.d . 
<10 
n.d . 

50 
10 

n.d. 
n.d . 
0.03 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

107 
GB 

66.91 
1.1 5 

16.04 
4.84 

0.00 
1.48 
2.44 
2.80 
3.98 
0.35 

18 
10 

n.d . 
20 

n.d . 
120 
20 

n.d . 
n.d . 
0.14 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 



Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

108 
GB 

52.52 
1.27 

14.88 
10.61 
0.15 
7.00 
8.46 
2.47 
2.22 
0.42 

230 
60 

n.d . 
140 
n.d. 

50 
20 

n.d. 
n.d. 
0.04 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 

109 
GB 

57.46 
1.06 

15.05 
8.26 
0.11 
6.00 
6.02 
3.24 
2.38 
0.41 

240 
110 
n.d. 

20 
n.d. 

70 
20 

n.d. 
n.d. 
0.03 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

KOLKANRANTA 
110 111 112 
GB GB GB 

5808 59.54 59.43 
1.17 

15.48 
8.52 
0.12 
5.49 
5.77 
2.53 
2.45 
0.38 

220 

130 
n.d. 

70 
n.d. 
100 
50 

n.d. 
n.d. 
0.14 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

1.06 
16.01 
7.94 
0.10 
4.95 
5.29 
2.56 
2.18 
0.36 

190 
90 

n.d. 
60 

n.d. 
70 
20 

n.d . 
n.d. 
0.08 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

1.04 
16.00 
7.66 
0.10 
4.94 
5.18 
3.33 
1.98 
0.35 

190 
90 

n.d. 
50 

n.d. 
70 
20 

n.d . 
n.d . 
0.10 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

113 
GB 

61.33 
0.93 

15.74 
6.89 
0.09 
4.65 
5.24 
2.81 
1.97 
0.35 

180 
90 

n.d. 
50 

n.d. 
60 
20 

n.d. 
n.d. 
0.04 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 

114 
GB 

65.48 
0.78 

15.91 
5.88 
0.07 
3.43 
3.89 
2.77 
1.55 
0.24 

120 
80 

n.d. 
90 

n.d. 
70 
30 

n.d. 
n.d. 
0.09 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

UMAF 
50.32 
0.65 
7.78 

10.01 
0.16 

21.35 
8.81 
0.58 
0.19 
0.14 

116 
PRD 

42.94 
0.21 
2.01 

17.23 
0.25 

34.55 
2.81 
0.00 
0.00 
0.00 

2400 >1100 
120 710 
n.d. n.d. 

54 200 
n.d. n.d. 
<10 85 

24 160 
n.d. n.d. 
n.d. n.d . 
0.01 0.52 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d . 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 

LUMPEINEN 
117 118 

PRD PRD 
41.75 42.60 
0.30 0.55 
6.34 3.75 

17.05 16.53 
0.24 0.25 

31.20 29.47 
3.05 6.27 
0.00 0.34 
0.00 0.21 
om 0.03 

>130 
480 
n.d. 
150 
n.d. 
120 
160 
n.d. 
n.d . 
0.40 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 

1024 
364 
205 

101 
<20 
119 
133 
<20 
<10 
0.52 
<30 
<10 

57 
49 

n.d. 
<10 
<10 
<10 
<10 
<30 
dO 
769 

119 
PRD 

42.22 
0.43 
6.23 

17.44 
0.26 

29.32 
303 
0.56 
0.44 
0.07 

>7 1 
420 
n.d. 

98 
n.d. 
120 
150 
n.d. 
n.d. 
0.27 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

120 
PRD 

46.30 
0.41 
4.02 

16.32 
0.25 

29.25 
2.87 
0.09 
0.51 
0.00 

>230 
440 
n.d. 
280 
n.d. 
120 
150 
n.d. 
n.d . 
1.12 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 

121 
PRD 

44.01 
0.31 
2.79 

15.03 
0.23 

28.58 
8.78 
0.19 
0.07 
0.02 

1471 
309 
181 
40 

<20 
97 

112 
<20 
<10 
0.17 
dO 
<10 

90 
33 

n.d. 
<10 
<10 
<10 
<10 
<30 
dO 
527 

122 
PRD 

44.39 
0.34 
2.83 

14.56 
0.23 

28.36 
8.97 
0.12 
018 
0.02 

1312 
346 
178 
85 

<20 
99 

114 
<20 
<10 
0.23 
dO 
<10 

43 
29 

n.d. 
<10 

10 
<10 
<10 
dO 
dO 
692 



Appendix I. Conlinued 9/22. 

Occurrence I 
Sampie 
Lithology 
Si02 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

123 

PRD 
44.57 
0.35 
2.83 

15.19 
0.22 

28.12 
8.30 
0.26 
0.14 
0.03 

1309 
331 
170 
83 

<20 
104 
126 

<20 
<10 
0.20 
<30 
<10 

32 
33 

n.d . 

<10 
<10 
<10 
<10 
<30 
<30 
681 

124 
PRD 

44.98 
0.33 
2.74 

14.78 
0.21 

27.63 
8.99 
0.22 
0.09 
0.02 

2130 
524 
176 
196 
<20 
108 
131 

<20 
<10 
0.44 

<30 
<10 

29 
30 

n .d . 
<10 

<10 
<10 
<10 
<30 
<30 
544 

125 
PRD 

44.91 
0.38 
4.36 

14.46 
0.22 

26.36 
8.66 
0.42 
0.19 
0.04 

1297 
489 
171 
219 

<20 
89 

135 

<20 
<10 
0.46 

<30 
<10 

57 
59 

n .d . 

<10 
15 

<10 
<10 
<30 

<30 
892 

126 
PRD 

47.41 
0.37 
3.42 

12.26 
0.22 

26.30 
9.54 
0.29 
0.15 
0.04 

1843 
369 
179 
77 

<20 
93 

125 
<20 
<10 
0.38 

<30 
<10 

47 
46 

n.d . 

<10 
16 

<10 
<10 
<30 
<30 
538 

127 
PRD 

44.51 
0.42 
6.78 

14.52 
0.23 

25.47 
6.98 
0.58 
0.45 
0.06 

>600 
360 
n .d . 
110 

n.d . 
100 
130 

n .d . 
n .d . 
0.35 
n .d . 
n.d. 
n .d . 
n .d. 
n.d. 
n .d . 
n .d . 
n .d . 
n .d . 
n.d . 
n.d. 
n .d. 

128 
PRD 

46.78 
0.46 
4.37 

13.45 

0.22 
25.41 
9.11 
0.10 
0.00 
0.09 

>890 
440 
n .d . 
200 
n.d . 

85 
130 

n .d . 
n.d. 
0.48 
n .d . 
n .d. 
n.d . 
n.d . 
n .d . 
n .d . 
n .d. 
n.d . 
n .d . 
n .d. 

n .d . 
n.d. 

LUMPEINEN 

129 130 
PRD PRD 

45.17 45.43 
0.41 0.48 
4.16 3.75 

13.75 14.01 
0.22 0.24 

24.98 24.63 
10.94 10.85 
0.26 0.40 
0.08 0.18 
0.04 0.04 

1184 
365 
219 
172 

<20 
83 

124 
<20 
<10 
0.38 

<30 
<10 

44 
50 

n .d . 

<10 
12 

<10 
<10 
<30 
<30 
885 

1141 
242 
285 
111 

<20 
103 
101 

<20 
<10 
0.61 
<30 

<10 
42 
50 

n .d . 

< 10 
12 

<10 
<10 
<30 
<30 
445 

131 
PRD 

47.19 
0.40 
4.47 

13.67 
0.22 

24.17 
9.80 
0.00 
0.00 
0.08 

132 

PRD 
48.63 

0.43 
3.45 

11 .41 
0.19 

24 .10 
11 .7 1 
0.00 
0.04 
0.03 

>720 >1200 
430 450 
n .d . n .d . 
200 220 
<10 n .d . 

86 73 
130 120 

n .d . n .d . 
n.d. n .d . 
0.52 0.62 
n .d . n .d. 
n.d . n .d . 
n .d . n .d . 
n.d. n .d . 
n.d . n .d . 
n .d . n .d . 
n .d . n .d . 
n .d . n .d . 
n .d . n .d . 
n .d . n .d . 
n .d . n .d . 
n .d . n .d . 

133 
PRD 

47 .72 
0.44 
4.11 

13.08 
0.22 

22.65 
1170 
0.08 
0.00 
0.00 

>860 
380 
n .d . 
180 

n.d . 
87 

120 
n .d . 
n .d . 
0.44 
n .d . 
n.d . 
n .d . 
n .d . 
n .d . 
n.d. 
n .d . 
n.d . 
n .d. 
n .d . 
n.d. 
n .d . 

134 
PRD 

46.95 
0.59 
4.49 

11.76 
0.20 

20.7 1 
14.81 
0.38 
0.09 
0.02 

2235 
400 
290 
159 

<20 
76 
99 

<20 
<10 
0.38 
<30 

<10 
46 
58 

n .d . 

<10 
18 
13 

<10 
<30 
<30 
207 

135 
PRD 

48.08 
0.54 
4.11 

10.10 
0.18 

20.34 

16.22 
0.33 
0.08 
0.02 

136 
PRD 

50.29 
0.46 
3.84 
8.94 

0.18 
19.90 
16.08 
0.1 0 
0.22 
0.00 

2402 >1800 
366 340 
280 n .d . 
191 140 
<20 n .d . 

64 57 
86 92 

<20 n.d. 
<10 n.d. 
0.43 0.59 
<30 n .d . 
< 10 n .d . 

53 n .d . 
50 n .d . 

n .d . n .d . 
<10 n .d . 

14 n .d . 
11 n.d. 

<10 n.d . 
<30 n.d . 
<30 n.d . 
163 n .d . 

137 
PRD 

49.06 
0.65 
6.30 
8.77 
0.17 

17.07 
16.87 
0.81 
0.25 
0.05 

2530 
169 
323 

42 
<20 
53 
64 

<20 
<10 
0.17 

<30 
<10 

74 
88 

n .d . 

<10 
29 
13 

< 10 
<30 
<30 
145 



Appendix 1. Conlinued 10/22. 

Occurrence \MYLLYNKYLÄ 
Sam pie 138 139 
Lithology UMAF UMAF 
Si02 45.04 47.04 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
Y 
Th 
La 
Ce 
CI 

1.01 
9.04 

12.23 
0.19 

21.66 
9.37 
1.22 
0.13 
0.11 

1400 
670 
n.d. 

66 
21 
21 
62 

n.d . 
n.d. 
0.01 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 

1.07 
8.30 

11 .39 
0.19 

20.87 
9.74 
1.11 
0.17 
0.12 

1600 
530 
n.d . 

74 
18 
18 
47 

n.d. 
n.d. 
0.03 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 

140 
PRD 

43.13 
0. 18 
3.89 

13.85 
0.19 

36.59 
1.91 
0.06 
0.18 
0.03 

3574 
1356 

61 
205 
<20 
148 
n.d. 
<20 
<10 
0.26 
<30 
<10 

47 
69 

<20 
<10 

12 
<10 
<10 
<30 
<30 

2052 

141 
PRD 

42.10 
0.21 
3.63 

15.81 
0.18 

36.08 
1.71 
0.08 
0.15 
0.06 

2665 
1419 

76 
277 
<30 
163 
n.d. 
<20 
<10 
0.41 
<30 
<10 
118 
50 

<20 
<10 

20 
<10 
<10 
<30 
n.d. 
740 

142 
PRD 

42.62 
0.30 
3.52 

15.68 
0.18 

35.64 
1.66 
0.08 
0.17 
0.16 

3272 
1175 

84 
77 

<30 
156 
n.d. 
<20 
<10 
0.17 
<30 
<10 

84 
72 

<20 
<10 

40 
<10 
<10 
<30 
n.d . 
801 

143 
PRD 

43.54 
0.37 
3.96 

14.18 
0.19 

35.11 
2,03 
0.16 
0,33 
0.12 

3491 
1884 

81 
394 
<20 
143 
n.d, 
<20 
<10 
0,55 
<30 

13 
109 
105 
<20 
<10 

30 
<10 
<10 
<30 
<30 

1861 

144 
PRD 

43.80 
0.28 
4.52 

13.13 
0.18 

35.10 
2.42 
0.19 
0,30 
0.08 

3419 
1077 

77 
98 

<20 
120 
n.d, 
<20 
<10 
0.13 
<30 

11 
94 

130 
<20 
<10 

27 
<10 
<10 
<30 
<30 

2425 

NIINIMÄKI 
145 146 147 

PRD PRD PRD 
42,68 43.78 42.35 
0.29 0,19 0.37 
4.61 4.66 4,11 

14,12 13.12 15.66 
0.19 0.18 0.20 

35,00 34.99 34.85 
2.42 1.87 2,02 
0.11 0.14 0.14 
0,46 1.02 0.17 
0.12 0.06 0.13 

2820 
1054 

62 
144 
<20 
152 
n,d. 
<20 
<10 
0.30 
<30 

34 
64 

108 
<20 
<10 

33 
<10 
<10 
<30 
<30 

1156 

3468 
1036 

61 
62 

<20 
140 
n.d, 
<20 
<10 
0.10 
<30 

53 
80 
68 

<20 
<10 

21 
<10 
<10 
<30 
<30 

1578 

2491 
1194 

79 
148 
<30 
154 
n,d , 
<20 
<10 
0,28 
<30 
<10 

89 
87 

<20 
<10 

32 
<10 
<10 
<30 
n.d . 
1088 

148 
PRD 

42.83 
0,18 
5.35 

13.56 
0.17 

34.74 
2,45 
0,37 
0,29 
0.05 

3367 
1035 

54 
<20 
<20 
153 
n.d. 
<20 
<10 
0,06 
<30 
<10 

98 
107 
<20 
<10 

14 
<10 
<10 
<30 
<30 

1855 

149 
PRD 

41.90 
0,17 
3.84 

17.50 
0.18 

34.53 
1.31 
0,07 
0.35 
0,13 

2575 
2539 

50 
793 
<30 
237 
n,d, 
<20 
<10 
1.04 
<30 

12 
102 
80 

<20 
<10 

39 
<10 
<10 
<30 
n.d, 

1100 

150 
PRD 

44,63 
0.20 
4,79 

13,13 
0,17 

33,79 
1.63 
0.03 
1.56 
0.07 

2701 
1128 

53 
133 
<20 
161 

n,d. 
<20 
<10 
0,30 
<30 

90 
158 
61 

<20 
<10 

18 
<10 
<10 
<30 
<30 
723 

151 
PRD 

45,35 
0,31 
4,50 

13.39 
0,18 

33,46 
2,16 
0,25 
0.31 
0,10 

2509 
2155 

72 
575 
<20 
113 
n.d. 
<20 
<10 
0.93 
<30 

10 
110 
91 

<20 
<10 

32 
<10 
<10 
<30 
<30 
873 

152 
PRD 

43,69 
0,33 
5.02 

14,36 
0.19 

33,33 
2,41 
0,20 
0,30 
0,18 

2131 
1400 

77 
436 
<30 
157 
n.d. 
<20 
<10 
0.63 
<30 
<10 
104 
104 
<20 
<10 

38 
<10 
<10 
<30 
n.d, 
826 



Appendix 1. Continued 11/22. 

Occurrence I 
Sampie 153 154 
Lithology PRO PRO 
Si02 44.42 44.96 
Ti02 0.26 0.58 
AI203 5.45 5.20 
FeOtot 13.74 14.10 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 

Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

0.17 
32.54 

2.57 
0.44 
0.36 
0.06 

2889 
1070 

67 
102 
<30 
126 

n.d. 
<20 

<10 
0. 14 
<30 
<10 
137 
120 
<20 
<10 

39 
10 

<10 
<30 
n.d . 
642 

0.18 
32.13 

2.53 
0.20 
0.Q7 
0.06 

2599 
1830 

117 
597 
<30 
137 

n.d . 
<20 
<10 
1.07 
<30 
<10 

28 
33 

<20 
<10 

28 
12 

<10 
<30 
n.d . 
386 

155 
PRO 

43.80 
0.22 
6.35 

13.91 
0.18 

31.76 
2.91 
0.45 
0.37 
0.04 

3263 
1152 

72 
94 

<30 
148 

n.d . 
<20 
<10 
0.15 
<30 
<1 0 
130 
120 
<20 
<10 

27 
<10 
<10 
<30 
n.d. 
576 

156 
PRO 

45.17 
0.48 
5.67 

16.10 
0.20 

29.06 
2.83 
0.22 
0.14 
0.12 

2198 
3582 

82 
1193 
<30 
193 

n.d. 
<20 
<10 
206 
<30 

10 
62 
58 

<20 
<10 

39 
11 

<10 
<30 
n.d. 
341 

157 
PRO 

45.80 
0.28 
6.97 

14.73 
0.20 

27.89 
3.66 
0.31 
0.10 
0.06 

2467 
996 

77 
156 
<20 
139 

n.d. 
<20 

<10 
0.30 
<30 
<10 

30 
86 

<20 
<10 

21 
<10 
<10 
<30 
<30 
362 

NIINIMÄKI 
158 159 
GB GB 

50.93 50.75 
0.43 0.60 
7.79 8.96 

13.86 11 .63 
0.15 0.08 

24.94 24.91 
1.52 1.97 
0.00 0.03 
0.31 0.97 
0.06 0.10 

2606 
1546 

129 
458 
<30 
157 

n.d . 
<20 
<10 
0.28 
<30 

22 
62 
16 

<20 
<1 0 

30 
12 

<10 
<30 
n.d . 

38 

2717 
532 
163 
22 

<30 
36 

n.d . 
<20 
<10 
0.03 
<30 

64 
184 
84 

<20 
<10 

44 
17 

<10 
<30 
n.d . 
145 

160 
PRO 

51.41 
0.28 
7.01 

11.61 
0.13 

24.37 
4.73 
0.29 
0.09 
0.09 

3347 
1681 

85 
436 
<30 
138 

n.d . 
<20 
<10 
0.52 
<30 
<10 

49 
74 

<20 
<10 

31 
<10 
<10 
<30 
n.d . 

61 

161 
GB 

51.31 
0.42 
5.68 

15.82 
0.11 

23.94 
1.25 
0.18 
1.21 
0.07 

2027 
4121 

120 
858 
<30 
404 
n.d . 
<20 

28 
2.96 
<30 

57 
124 

17 
<20 
<10 

29 
<10 
<10 

33 
n.d . 
151 

162 
GB 

50.50 
0.62 

10.27 
12.24 
0.13 

23.34 
2.75 
0.00 
0.05 
0.10 

2903 
564 
158 
101 
39 

145 
n.d. 
<20 
<10 
0.18 
<30 
<10 

32 
19 
23 

<10 
40 
15 

<10 
<30 
n.d . 

46 

163 
GB 

45.90 
0.81 

12.81 
13.11 
0.19 

23.11 
3.68 
0.08 
0.11 
0.19 

1905 
619 
204 
127 
<30 
165 
n.d . 
<20 
<10 
0.10 
<30 
<10 

38 
23 
21 
10 
85 
28 

<10 
<30 
n.d . 

43 

164 
GB 

43.63 
0.79 

16.72 
15.58 
0.17 

22.76 
0.24 
0.00 
0.00 
0.11 

2047 
516 
146 
25 

<30 
290 
n.d. 
<20 
<10 
0.00 
<30 
<10 

27 
<10 

21 
<10 

85 
12 

<10 
<30 
n.d. 

33 

165 
GB 

52.77 
0.46 
8.54 

10.36 
0.18 

22.21 
4.14 
0.50 
0.79 
0.05 

2538 
1383 

143 
525 
<30 
110 

n.d . 
<20 
<10 
0.62 
<30 

56 
138 
125 
<20 
<10 

27 
15 

<10 
<30 
n.d. 

79 

166 
GB 

51.51 
0.76 
8.55 

11 .98 
0.20 

20.86 
4.4 1 
0.53 
0.99 
0.20 

1954 
465 
168 
61 

<30 
139 

n.d. 
<20 
<10 
0.13 
<30 

62 
241 
108 
<20 
<10 

78 
23 

<10 
<30 
n.d . 

61 

167 
GB 

52.46 
0.33 

11.1 3 
9.35 
0.17 

20.77 
4.57 
0.63 
0.54 
0.05 

1807 
434 
122 
132 
<20 
106 
n.d. 
<20 
<10 
0.39 
<30 

22 
97 

246 
<20 
<10 

18 
<10 
<10 
<30 
<30 
60 



Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

168 
GB 

52.21 
0.28 

12.04 
8.63 
0.16 

20.65 
4.93 
0.52 
0.54 
0.04 

2112 
461 
116 
109 
<20 

95 
n.d. 
<20 
<10 
0.28 
<30 

24 
92 

328 

<20 
<10 

12 

<10 
<10 
<30 
<30 

60 

169 
GB 

44.70 
0.37 

21.89 
10.36 
0.17 

18.62 
1.69 
0.50 
1.64 
0.08 

604 
174 
106 

<20 
<30 
11 5 
n.d. 
<20 
<10 
0.00 

<30 
83 

435 
167 
21 

<10 
22 
10 

<10 
<30 
n.d. 

45 

170 
GB 

51.60 
0.41 

12.51 
10.24 

0.17 
17.77 
5.89 
0.78 
0.45 
0.17 

1548 
314 
151 
<20 
<30 
118 
n.d. 
<20 
<10 
0.01 

<30 
30 
98 

249 

<20 
<10 

30 
14 

<10 
<30 
n.d. 

46 

171 
GB 

49.62 
0.63 

14.98 
9.43 

0.12 
17.05 
6.31 
0.90 
0.77 
0.19 

1272 
457 
158 
197 

<30 
109 
n.d. 
<20 

<10 
0.45 

<30 
40 

194 
211 

21 

<10 
73 
16 

<10 
<30 
n.d. 

59 

NIINIMÄKI 

172 173 

GB GB 
51.71 50.88 

0.75 0.86 
12.48 12.48 
10.77 12.82 
0.18 0.19 

16.48 15.48 
5.05 3.81 
1.39 1.50 
0.99 1.57 
0.21 0.42 

1217 

355 
169 
170 

<30 
135 
n.d . 
<20 
<10 
0.30 

<30 
63 

283 
201 

<20 
<10 
100 

21 

<10 
<30 
n.d. 

49 

1215 
349 
141 
24 

<30 
214 
n.d. 
<20 

<10 
0.10 
<30 

98 
395 
183 
<20 

<10 
14 
13 

<10 
<30 
n.d. 
120 

174 

GB 
51.07 

1.10 
13.79 
11.35 
0.19 

13.96 
6.01 
1.55 
0.62 
0.37 

972 
180 
194 

<20 
<30 
145 
n.d. 
<20 
<10 
0.05 
<30 

37 
362 
320 

21 

<10 
148 
27 

<10 
<30 
n.d. 

59 

175 
GB 

50.71 
0.86 

16.33 
9.61 

0.13 
13.47 
5.83 
1.67 
1.16 
0.24 

1067 
175 
162 
<20 
<30 
136 
n.d. 
<20 
< 10 
0.18 

<30 
56 

379 
294 
20 
11 
84 
15 

<10 
<30 
n.d . 

59 

176 

GB 
52.95 
0.30 

17.41 
7.12 
0.13 

12.83 
7.01 
1.38 
0.84 
0.05 

700 
159 
106 
77 

<20 
78 

n.d. 
<20 
<10 
0.14 

<30 
76 

137 
563 
<20 
<10 

21 

< 10 
<10 
<30 
<30 

73 

177 

GB 
0.29 
0.74 

19.73 
8.17 
0.14 
9.21 
9.44 
1.78 
0.40 
0.10 

482 
79 

196 
231 

<30 
111 

n.d. 
<20 
<10 
0.05 

<30 
15 

226 
353 
<20 

<10 
47 

17 

<10 
<30 
n.d . 

97 

178 
GN 

66.38 

0.75 
16.49 
6.12 
0.10 
3.00 
1.83 
3.47 
1.74 
0.11 

136 

53 
137 
<20 
<30 

98 
n.d. 
<20 
<10 
0.00 

<30 
68 

920 
259 
22 
13 

187 

32 
11 
50 

n.d . 
65 

PAKINMAA 

179 180 

UMAF UMAF 
46.39 45.66 

0.90 1.03 
8.72 9.86 

11.68 12.28 
0.18 0.20 

24.84 22.95 
6.33 6.93 
0.73 0.90 
0.13 0.12 
0.11 0.08 

2200 
510 
n.d. 
<10 
n.d . 
<10 

42 
n.d . 
n.d . 
0.00 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

1800 
480 
n.d. 
140 
n.d. 

10 
43 

n.d . 
n.d . 
0.01 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

PIHLAJASALO 

181 182 
PRD PRD 

43.67 45.32 
0.16 0.16 
2.63 2.76 

11 .72 11.60 

0.18 0.15 
37.84 36.43 

3.56 3.35 
0.12 0.17 
0.08 0.03 
0.03 0.03 

4080 
718 
100 

<10 
n.d . 
101 
104 
n.d. 
n.d. 
0.02 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 

4230 
725 
100 

<10 
n.d. 
121 

108 
n.d . 
n.d . 
0.01 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 



Appendix 1. Continued 13/22. 
Occurrence I 
Sampie 
Lithology 
Si02 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

183 
PRD 

44.55 
0.15 
2.79 

12.53 
0.15 

36.00 
3.51 
0.15 
0.13 
0.05 

4360 
746 
90 

<10 
n.d . 
105 
106 

n.d . 
n.d . 
0.03 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 

184 
PRD 

44.93 
0.21 
3.72 

11 .58 
0.18 

35.65 
3. 11 
0.18 
0.40 
0.04 

4000 
656 
90 

<10 
n.d. 
133 
91 

n.d . 
n.d. 
0.02 
n.d. 
n.d 
n.d 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 

185 
PRD 

44.58 
0.17 
3.03 

12.12 
0.17 

35.40 
4.24 
0.16 
0.08 
0.05 

4100 
731 
120 
<10 
n.d 
116 
111 

n.d . 
n.d . 
0.02 
n.d . 
n.d 
n.d. 
n.d. 
n.d. 
n.d 
n.d 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

186 
PRD 

45.32 
0.20 
2.20 

11.76 
0.19 

34.84 
5.21 
0.18 
0.06 
0.05 

3860 
620 
130 
<10 
n.d . 
116 
100 
n.d . 
n.d. 
0.04 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 

187 
PRD 

43.SO 
0.22 
3.71 

12.42 
0.19 

34.33 
5.23 
0.19 
0. 15 
0.06 

3200 
628 
120 
<10 
n.d . 
101 
103 
n.d 
n.d. 
0.04 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d 
n.d 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 

188 
PRD 

45.80 
0.21 
3.15 

10.73 
0.18 

32.92 
6.68 
0.22 
0.08 
0.03 

3380 
539 
180 
22 

n.d . 
97 
92 

n.d . 
n.d. 
0.09 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d 
n.d . 
n.d . 
n.d. 

PIHLAJASALO 
189 190 191 

PRD PRD PRD 
46.56 47.15 45.11 
0.20 0.17 0.24 
3.20 3.25 4.32 

11.87 11.89 1170 
0.17 

32.21 
5.28 
0.33 
0.17 
0.02 

3330 
657 
140 
29 

n.d. 
112 
109 

n.d . 
n.d . 
0.12 
n.d . 
n.d 
n.d 
n.d . 
n.d . 
n.d . 
n.d 
n.d 
n.d . 
n.d 
n.d 
n.d . 

0.19 
31.97 
4.78 
0.30 
0.28 
0.02 

3450 
642 
110 

41 
n.d . 
127 
108 

n.d . 
n.d . 
0.17 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

0.17 
31.39 
6.37 
0.36 
0.28 
0.05 

3600 
630 
160 
44 

n.d . 
105 
100 

n.d. 
n.d . 
0.11 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 

192 
PRD 

44.87 
0.34 
5.16 

11 .09 
0.18 

31.10 
6.62 
0.40 
0. 19 
0.05 

2900 
588 
170 
28 

n.d. 
89 
93 

n.d . 
n.d. 
0.13 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

193 
PRD 

45.16 
0.26 
4.34 

12.38 
0.18 

30.99 
6.09 
0.36 
0.19 

· 0.07 

2990 
623 
ISO 
35 

n.d. 
112 
102 

n.d . 
n.d 
0.12 
n.d. 
n.d . 
n.d . 
n.d . 
n .d . 
n.d. 
n.d . 
n.d. 
n .d . 
n.d. 
n.d. 
n.d . 

194 
PRD 

45.13 
0.37 
4.59 

12.66 
0.20 

30.69 
5.87 
0.31 
0.13 
0.05 

2980 
551 
160 
33 

n.d . 
117 
96 

n.d . 
n.d . 
0.31 
n.d . 
n.d 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d 
n.d . 
n.d . 
n.d . 

195 
PRD 

46.82 
0.44 
5.98 

10.66 
0.18 

27.58 
7.80 
0.38 
0.12 
0.06 

2500 
S04 
200 
32 

n.d . 
87 
82 

n.d . 
n.d . 
0.39 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 

196 
GB 

52.33 
0.74 
7.57 
9.83 
0.17 

17.03 
11.10 
0.00 
1.19 
0.03 

1500 
190 

n.d . 
120 

n.d . 
30 
40 

n.d. 
n.d . 
0.13 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d 
n.d . 
n.d . 

197 
GB 

SO.95 
173 

15.31 
12.50 
0. 18 
7.64 
7.39 
2.18 
1.56 
0.58 

270 
130 

n.d . 
80 

n.d . 
60 
30 

n.d . 
n.d . 
0.14 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 



Appendix 1. Continued 14/22. 

Occurrence I 
Sampie 
Llthology 
Si02 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

198 
GB 

49.44 
1,21 

19.21 
10,95 
0,17 
7,59 
808 
2,30 
0,86 
0.21 

86 
69 

n,d, 
44 

n,d , 
120 

71 
n.d, 
n,d, 
0,13 
n.d , 
n.d, 
n,d , 
n,d , 
n,d. 
n,d, 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n ,d, 

199 
GB 

48.04 
2,70 

14.22 
10,87 
0,14 
6.27 

10,01 
2.10 
4.02 
1.62 

ISO 
120 
n,d, 

SO 
n,d , 
130 
40 

n,d , 
n,d, 
0.48 
n,d , 
n,d, 
n,d , 
n.d. 
n,d , 
n,d, 
n,d , 
n,d, 
n,d, 
n.d. 
n.d, 
n,d. 

200 
GB 

49,25 
2,65 

16,16 
12.81 
0.17 
6,02 
8,48 
2,36 
1.21 
0,88 

110 
30 

n,d, 
30 

n.d. 
50 
20 

n,d , 
n,d, 
0,10 
n,d , 
n,d , 
n.d , 
n.d . 
n,d , 
n,d , 
n,d , 
n,d , 
n,d, 
n ,d, 

n,d, 
n,d , 

201 
GB 

49,24 
1.77 

18.05 
12.86 
0,20 
5,62 
8,47 
2,65 
0,88 
0,28 

48 
52 

n,d, 
44 

n,d , 
150 

71 
n.d , 
n,d, 

0.15 
n.d. 
n.d . 
n ,d, 

n ,d, 

n,d, 
n,d , 
n,d , 
n,d , 
n,d , 
n.d , 
n,d , 
n,d , 

202 
GB 

55.56 
1.42 

17.41 
8,55 
0,09 
4,82 
6,27 
3,17 
2,18 
0.52 

110 
50 

n,d, 
50 

n,d , 
80 
20 

n ,d, 

n,d, 
0,13 
n,d , 
n,d , 
n,d , 
n,d , 
n.d , 
n,d, 

n,d . 
n,d . 
n.d. 
n.d . 
n.d , 
n.d , 

PIHlAJASALO 

203 204 
GB GB 

55,69 60,52 
2,07 1.01 

17.50 17,71 
9,37 6,78 
0,12 0,08 
3,73 3,64 
6,72 5.32 
2,41 2.42 
1.72 2,14 
0,65 0,37 

32 
20 

n,d , 
20 

n,d , 
60 
20 

n,d , 
n.d. 
0,07 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n.d. 
n.d, 
n.d, 
n.d . 
n.d. 
n,d , 

99 
40 

n,d , 
20 

n,d , 
80 
20 

n,d , 
n,d, 
0.07 
n,d . 
n,d , 
n,d , 
n,d , 
n,d , 
n.d. 
n.d . 
n,d. 
n.d. 
n.d . 
n,d. 
n,d, 

205 
GB 

54,53 
2.34 

17,62 
9,82 
0,13 
3,60 
6.73 
2,70 
1.55 
0,98 

23 
10 

n.d. 
20 

n.d . 
70 
20 

n,d , 
n.d, 
0.10 
n,d , 
n,d , 
n,d , 
n,d , 
n,d . 
n.d. 
n.d. 
n.d. 
n,d. 
n.d . 
n.d . 
n,d , 

206 
GB 

61 ,23 
0,95 

17,48 
6.76 
0.06 
3,31 
4.89 
3,22 
1.84 
0,26 

100 
30 

n,d , 
20 

n,d , 
80 
20 

n,d , 
n,d. 
0.05 
n.d . 
n,d , 
n,d , 
n ,d, 

n.d. 
n.d, 
n,d , 
n,d , 
n,d , 
n.d , 
n,d , 
n,d , 

207 
GB 

56.49 
2,23 

17,30 
9,14 
0.11 
3,21 
6,19 
1.90 
2,49 
0,93 

24 
10 

n,d , 
20 

n,d , 
80 
20 

n,d , 
n,d. 
0,07 
n,d , 
n,d , 
n,d , 
n,d , 
n.d . 
n,d . 
n.d . 
n.d. 
n,d , 
n.d. 
n,d , 
n,d , 

208 
GB 

56.53 
2.32 

17,26 
8,86 
0,11 
3,10 
6,44 
2.83 
1,55 
1.00 

25 
20 

n.d, 
30 

n,d , 
100 
20 

n,d , 
n.d. 
0.14 
n.d , 
n.d , 
n.d , 
n.d , 
n ,d, 

n,d , 
n,d . 
n,d . 
n.d , 
n.d . 
n.d , 
n,d , 

209 
GB 

57 ,10 
2,12 

17,26 
9.04 
0,11 
3.01 
6.11 
2.12 
2.23 
0.92 

25 
10 

n.d. 
40 

n.d , 
90 
20 

n.d , 
n,d. 
0,10 
n.d . 
n.d, 

n.d , 
n.d , 
n,d . 
n,d , 
n,d . 
n ,d, 

n.d . 
n,d , 
n,d . 
n.d , 

210 
GB 

54.81 
2,95 

14,94 
9,84 
0,15 
2.45 
6.25 
3,17 
395 
1.50 

51 
20 

n.d . 
30 

n.d , 
180 
20 

n,d , 
n,d . 
0,48 
n,d , 
n.d , 
n.d . 
n.d . 
n,d . 
n,d , 
n,d , 
n,d , 
n,d. 
n,d , 
n,d. 
n.d , 

RAHIJÄRVI 

211 212 
GB GB 

52,36 49,50 
0.89 0,76 
8,84 20.68 

12,23 8.05 
0,19 0.14 

20m 8,04 
2,34 9,18 
0.43 1.99 
2,53 1,43 
0.18 0,23 

1784 
793 
151 
<20 
<20 
188 

n,d , 

<20 
<10 
0,00 

30 
262 
858 
37 

<20 
16 

210 
32 

<10 
47 
80 

102 

362 
115 
175 
44 

<20 
134 

n,d . 
<20 
<10 
0.37 
<30 
130 
278 
580 
21 

<10 
41 
13 

<10 
<30 

44 
160 



Appendix 1. Continued 15/22. 

Occurrence I 
Sampie 
Lithology 
Si02 
Ti02 
AI203 
FeOtot 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 

Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
V 
Th 
La 
Ce 
CI 

213 
GB 

49.33 
0.73 

18.72 
9.55 
0.15 
7.73 

11 .38 
1.76 
0.60 
0.06 

324 
31 

237 
88 

<20 
97 

n.d. 
<20 
<10 
0.11 
dO 

31 
477 
573 

22 
<10 

85 
13 

<10 
32 
42 
50 

214 
GB 

46.28 
1.80 

17.25 
12.89 
0.17 
7.10 

11 .55 
2.17 
0.56 
0.23 

204 
23 

558 
58 

<20 
129 

n.d. 
<20 
<10 
0.20 

dO 
<10 
273 
541 

24 

<10 
86 
13 

<10 
31 

59 
151 

215 
GB 

46.97 
1.44 

19.50 
11 .05 
0.14 
6.88 

11 .54 
1.64 
0.60 
0.24 

183 

35 
282 

<20 
<20 
121 

n.d. 
<20 
<10 
0.05 

<30 
28 

386 
875 

24 

<10 
74 
13 

<10 
45 
69 
79 

216 
GB 

48.79 
0.90 

21.36 
10.47 
0.18 
6.48 
9.69 
1.27 
0.47 
0.38 

363 
30 

232 

<20 
<20 
137 

n.d . 
<20 
<10 
001 
<30 

46 
255 
467 

27 

<10 
23 

<10 
<10 
<30 

43 

51 

217 
GB 

46.24 
1.71 

18.26 
12.90 
0.16 
6.27 

11.79 
1.68 
0.40 
0.58 

116 
25 

400 
68 

<20 
161 
n.d. 

34 

<10 
0.26 

dO 
<10 
248 
578 

27 

<10 
104 
15 

<10 
43 
71 

81 

218 

GB 
54.30 
0.50 

19.02 
8.11 
0.13 
6.03 
9.44 
1.34 
1.00 
0.12 

242 
47 

122 
62 
21 

116 
n.d . 
<20 
<10 
0.13 
dO 

63 
729 
597 

22 
<10 
337 

15 

<10 
62 

106 
52 

RAHIJÄRVI 
219 220 221 

GB GB GB 
49.62 48.30 4702 

1.08 1.78 2.72 
22.30 19.17 21.50 
8.43 11.66 11.40 
0.06 0.17 0.13 
5.98 5.05 5.04 
4.52 10.60 7.96 
3.70 2.31 2.40 
4.22 0.45 1.58 
0.09 0.51 0.27 

229 
173 
251 
240 

28 
294 
n.d. 
<20 

12 
4.12 
dO 
252 
794 
466 

27 
17 

165 
15 
12 
60 

102 
1434 

108 
25 

313 
79 

<20 
173 

n.d. 
<20 
<10 
0.32 

<30 
22 

695 
544 

27 

<10 
111 

17 

<10 
46 

83 
169 

109 

66 
262 
223 
<20 
126 

n.d. 
<20 
<10 
0.47 

<30 
59 

1026 
743 
27 
11 

216 
11 

<10 
45 

72 
119 

222 223 224 225 226 
GB GB GB GB GB 

49.33 46.35 47.70 48.07 49.41 
2.02 2.03 1.29 0.97 2.01 

21.30 21.87 23.22 23.33 21.99 
9.83 11.28 8.62 10.47 10.32 
0.11 0.12 0.11 0.12 0.12 
4.88 4.64 4.50 3.45 2.75 
7.46 8.17 10.98 8.72 7.83 
2.69 2.40 203 2.64 3.61 
1.93 2.18 1.18 1.62 1.21 
0.45 0.95 0.39 0.63 0.76 

124 
51 

279 
120 
22 

139 
n.d. 
<20 
<10 
0.24 
dO 

82 
1881 
638 

31 
18 

237 
15 

< 10 
50 
93 

150 

90 
48 

309 
62 

<20 
133 

n.d. 
<20 
<10 
0.15 

dO 
53 

3352 
894 

23 
<10 
148 

14 

<10 
71 

116 

85 

141 
33 

268 
38 

<20 
114 

n.d. 
<20 

<10 
0.17 

<30 
75 

745 
749 
28 
11 

153 
21 

<10 
41 

104 

109 

138 
30 

119 
53 

<20 
134 

n.d. 
<20 
<10 
0.13 
dO 

57 
4961 

777 
29 

<10 
1352 

<10 
<10 

66 
99 
55 

55 
25 

175 
41 

<20 
138 

n.d. 
<20 
<10 
0.08 

<30 
53 

2873 
886 

25 
<10 

1752 
16 

<10 
94 

156 
96 



Appendix 1. Conlinued 16/22. 

Occurrence I 
Sam pie 
Lithology 
Si02 
Ti02 
AI203 
FeO 
MnO 
MgO 
CoO 
N020 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
80 
Sr 
Ga 
Nb 
Zr 
Y 
Th 
La 
Ce 
CI 

227 
UMAF 
45.82 

0.31 
6.89 

13.81 
0.24 

26.18 
5.73 
0.86 
0.11 
0.04 

980 
1300 
n.d. 
490 
n.d. 
<10 
100 
n.d . 
n,d. 
0.60 
n.d. 
n.d. 
n.d . 
n,d, 
n.d. 
n,d, 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

228 
UMAF 
45.94 

0.37 
7.05 

13.54 
0.22 

25.22 
6.82 
0.66 
0.14 
0.05 

1297 
974 
152 
239 
<20 

75 
118 
<20 
<10 
0.31 
<30 
<10 

30 
92 

n.d. 

<10 
26 

<10 
<10 
<30 
<30 
245 

229 
UMAF 
49.34 
0.57 
7.16 

10.41 
0.19 

21,88 
9,34 
0,83 
0.23 
0.05 

2580 
1638 
244 
567 
<20 

98 
109 
<20 
<10 
1.05 
<30 
<10 

29 
28 

n.d. 
<10 

37 
10 

<10 
<30 
<30 

90 

230 
UMAF 
47.63 
0,50 
7.96 

11 ,49 
0,20 

20,52 
10,53 
0,93 
0,19 
0,04 

2106 
2368 

282 
1064 
<20 

68 
158 
<20 
<10 
1,37 
<30 
<10 

39 
83 

n,d, 

<10 
33 

<10 
<10 
<30 
<30 
117 

231 
UMAF 
48,85 
0,49 
7,75 

10.13 
0.17 

18,24 
13,21 
0,91 
0,18 
0,06 

2110 
2416 
306 

1324 
22 
66 

151 
<20 
<10 
1,59 
<30 
<10 

41 
95 

n,d. 

<10 
33 
11 

<10 
<30 
<30 

90 

RANTALA 
232 233 

UMAF UMAF 
50,27 50,80 
0.69 0,62 
8,04 9,63 
9.21 9,41 
0.16 0,19 

18,04 16,36 
11 ,90 11.75 

1.36 0,96 
0,26 0,24 
0,07 0,04 

2200 
2600 
n,d, 

1300 
n,d, 
n,d, 

34 
n,d, 
n.d. 
1,72 
n,d, 
n.d, 
n.d. 
n,d, 
n,d, 
n,d, 
n,d, 
n,d, 
n,d, 
n,d , 
n,d, 
n,d. 

1248 
408 
544 
148 
<20 

65 
77 

<20 
<10 
0,26 
<30 
<10 

49 
115 

n.d, 

<10 
34 
13 

<10 
<30 
<30 

39 

234 
GB 

50,17 
0,63 

10,22 
11 ,68 
0,22 

15,66 
9,80 
1.12 
0.47 
0,03 

939 
385 
397 
938 
<20 
125 
90 

<20 
<10 
0,76 
<30 

13 
74 
84 

n.d, 

<10 
41 
13 

<10 
<30 
<30 

75 

235 
GB 

47,02 
2,00 

11 ,68 
12,98 
0,21 

13,51 
10.54 

1.07 
0,78 
0,21 

853 
349 
287 
152 
<20 
119 
85 

<20 
<10 
0.22 
<30 

27 
119 
167 

n,d, 

23 
163 
23 

<10 
<30 

53 
91 

236 
GB 

47,46 
1,43 

12.35 
12,45 
0,21 

13,03 
10,30 
0,80 
1.79 
0,18 

761 
396 
322 

24 
<20 
113 
83 

<20 
<10 
0,03 
<30 
<10 
220 

92 
n.d. 

25 
96 
22 

<10 
<30 

54 
212 

237 238 
GB MDYKE 

49.74 47,85 
0,60 1.75 

17.73 15,03 
8,44 12,72 
0,15 0,19 

10,63 10,52 
10.15 9.53 
1.77 0.53 
0,76 1.62 
0.05 0.26 

305 
83 

305 
78 

<20 
66 
50 

<20 
<10 
0,19 
<30 

27 
88 

251 
n.d. 

<10 
38 

<10 
<10 
<30 
<30 

86 

560 
187 
333 

32 
20 

131 
61 

<20 
<10 
0,11 
<30 

76 
147 
139 

n.d. 
16 

150 
27 

<10 
<30 

52 
70 

239 
GB 

49,81 
0.58 

17.87 
8,63 
0,15 
9,52 

10,79 
2.03 
0.56 
0.05 

206 
71 

314 
32 

<20 
70 
52 

<20 
<10 
0.09 
<30 

19 
62 

294 
n.d. 
<10 

47 
12 

<10 
<30 
<30 

33 

240 
GB 

50,12 
0.64 

17,97 
8,78 
0,15 
9,20 

10,00 
2.51 
0.56 
0,07 

178 
60 

278 
25 

<20 
77 
46 

<20 
<10 
0.09 
<30 

19 
78 

280 
n.d. 

<10 
53 
13 

<10 
<30 
<30 

62 

241 
GB 

49,92 
0,75 

17.66 
9,59 
0.17 
9.19 
9.35 
1.09 
2.21 
0.07 

263 
53 

291 
49 

<20 
84 
55 

<20 
<10 
0,12 
<30 

73 
127 
214 
n.d. 

<10 
61 
16 

<10 
<30 
30 

112 



Ti02 
AI203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 

Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 

Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

242 
MARG. 

48.97 
1.36 

16.27 
13.48 
0.21 
8.45 
9.99 
0.89 
0.26 
0.11 

370 
204 
282 

64 
21 

106 
62 

<20 
<10 
0.15 

<30 
<10 

77 
215 
n.d. 
<10 

79 
22 

<10 
<30 

40 
58 

243 
GB 

54 .77 
1.24 

17.14 
10.74 
0.16 
5.87 
6.14 
2.29 
1.54 
0.10 

145 
529 
224 
659 

22 
143 
68 

<20 
<10 
0.89 
<30 

63 
262 
239 
n.d . 

11 
94 
14 

<10 
33 
52 
73 

244 
GB 

52.77 
1.56 

17.58 
8.64 
0.12 
4.46 
6.75 
3.86 
2.33 
1.92 

51 
30 

n.d. 
40 

n.d. 
60 
20 

n.d. 
n.d . 
0.18 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 

RANTAVUORI 

245 246 
GB GB 

51.33 57.83 

1.47 1.28 
17.00 18.44 
8.84 7. 17 
0.09 0.08 
4.02 3.24 
7.00 6.01 
4.13 
3.31 
2.81 

22 
30 

n.d. 
10 

n.d. 
100 
20 

n.d . 
n.d. 
0.07 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

3.70 
1.82 
0.42 

50 
10 

n.d. 
<10 
n.d. 

60 
10 

n.d. 
n.d . 
0.06 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 

247 
GB 

53.95 
1.51 

19.34 
7.79 
0.10 
3.06 
5.46 
4.85 
2.88 
1.06 

13 

<10 
n.d. 

20 
n.d. 

70 
20 

n.d. 
n.d. 
0.25 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 

248 
GB 

60.00 
0.84 

20.26 
4.33 
0.05 
1.93 
3.91 
5.95 
2.38 
0.35 

31 
10 

n.d. 
10 

n.d. 
70 
20 

n.d. 
n.d. 
0.11 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 

249 250 
UMAF UMAF 
50.27 51 .30 
0.62 0.64 
7.39 6.60 
9.38 9.49 
0.15 0.16 

21 .92 20.89 
9.22 9.86 
0.81 
0.09 
0.15 

2100 
460 
n.d . 

71 
n.d. 
<10 

39 
n.d. 
n.d. 
0.13 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 

0.85 
0.09 
0.13 

2400 
670 
n.d. 

85 
n.d. 
<10 

49 
n.d . 
n.d. 
0.27 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 

RAUTJÄRVI 

251 252 253 
UMAF UMAF UMAF 
50.10 49.96 49.76 
0.78 0.76 0.78 
8.07 7.77 8.10 

10.45 10.61 10.96 
0.18 0.18 0.18 

20.78 20.71 20.28 
8.57 9.22 9.04 
0.66 

0.23 
0.18 

1900 
410 
n.d. 

42 
n.d. 
<10 

29 
n.d. 
n.d . 
0.11 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 

0.49 
0.15 
0.15 

1800 
420 
n.d. 

92 
n.d. 
<10 

42 
n.d. 
n.d. 
0.17 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 

0.58 
0.17 
0.14 

2000 
340 
n .d . 

57 
n.d . 
<10 

31 
n.d . 
n.d . 
0.09 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 

254 255 
UMAF UMAF 
50.89 51.57 
0.73 0.7 1 
7.79 7.71 

10.10 10.26 
0.18 0.17 

19.86 19.28 
8.60 8.56 
0.44 
1.29 
0.14 

2000 
340 
n.d. 
<10 
n.d. 

20 
29 

n.d . 
n.d. 
0.00 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 

0.48 
1.12 
0.14 

2300 
220 
n.d . 
<10 
n.d . 
<10 

25 
n.d. 
n.d. 
0.00 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 



Appendix 1. Conlinued 18/22. 

Occurrence I 
Sam pie 256 257 
lithology GB GB 
Si02 51.15 52.67 

Ti02 0.77 1.00 
AI203 15.76 13.70 
FeO 8.84 10.80 

MnO 
MgO 

CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

0.15 
11 .96 
7.86 
1.42 
1.84 
0.27 

870 
100 
n.d. 
<10 
n.d. 

40 

20 
n.d . 
n.d. 
O.OB 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

0.16 
11 .47 
6.38 
2.23 
1.39 
0.22 

590 
140 
n.d. 

80 
n.d . 

30 
20 

n.d. 
n.d. 
0.09 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

258 
GB 

53.01 
0.99 

14.28 
10.28 
0.14 

10.94 
6.84 
1.90 
1.37 
0.24 

630 
250 
n.d. 
160 
n.d . 

30 
30 

n.d. 
n.d . 
0.15 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 

259 
GB 

52.02 

0.94 
15.70 
10.92 
0.15 
9.70 
8.01 
1.31 
0.91 
0.33 

440 
2740 
n.d. 

1010 
n.d. 

30 
90 

n.d. 
n.d . 
1.43 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 

260 
GB 

52.20 

1.08 
16.07 
10.16 
0.14 
8.93 
7.84 
2.00 
1.29 
0.29 

350 
110 
n.d. 

60 
n.d. 

30 
20 

n.d. 
n.d. 
0.13 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 

261 
GB 

53.51 

1.08 
17.80 
9.12 
0.13 
6.62 
7.94 
2.62 
0.91 
0.28 

150 

60 
n.d . 

50 
n.d. 

30 
20 

n.d . 
n.d. 
0.13 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 

RIETSALO 

262 263 
GB GB 

57.45 53.24 

1.13 1.52 
15.89 16.81 
9.10 10.05 
0.12 0.15 
6.61 6.53 
5.75 8.13 
1.46 0.70 
1.72 2.21 
0.78 0.64 

230 
100 
n.d . 
<10 
n.d . 

70 
20 

n.d . 
n.d . 
0.04 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 

140 
60 

n.d . 
30 

n.d. 
60 
30 

n.d. 
n.d . 
0.16 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 

264 
GB 

52.69 
1.53 

17.74 

9.30 
0.12 

5.55 
7.28 
1.90 
2.59 
1.31 

81 
50 

n.d. 
60 

n.d. 
80 
30 

n.d . 
n.d. 
0.19 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 

265 
GB 

52.92 
1.58 

18.83 
9.57 
0.13 
5.36 
7.45 
2.33 
1.41 
0.43 

130 
40 

n.d. 
40 

n.d . 
50 
20 

n.d . 
n.d . 
0.09 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 

266 
GB 

52.86 
1.58 

17.77 
11 .09 
0.16 
5.25 
8.50 
1.44 
0.95 
0.41 

45 
30 

n.d. 
60 

n.d. 
30 
20 

n.d. 
n.d. 
0.13 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 

267 

GB 
46.06 

3.67 
17.93 
11 .20 

0.18 
5.05 

10.75 
2.26 
0.76 
2.15 

38 
80 

n.d . 
360 
n.d. 

20 
50 

n.d . 
n.d. 
0.90 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 

268 
GB 

48.40 
1.58 

21.65 
12.09 
0.11 
5.03 
4.48 
3.07 
3.54 
0.06 

180 
90 

n.d. 
100 
n.d. 
150 
30 

n.d . 
n.d . 
0.20 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

269 
GB 

57.26 
1.22 

17.97 
7.74 
0.10 
4.68 
5.68 
2.88 
2.09 
0.38 

160 
60 

n.d. 
60 

n.d . 
70 

20 
n.d . 
n.d . 
0.17 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 

270 

GB 
57.03 

1.23 
17.91 
8.45 
0.11 
4.59 
6.09 
2.54 
1.72 
0.33 

160 
50 

n.d . 
30 

n.d. 
50 
20 

n.d. 
n.d. 
0.09 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 



Ti02 
AI203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 

Ce 
CI 

271 
GB 

57.72 
1.15 

18.38 
8.25 
0.09 
4.59 
5.44 
2.48 
1.90 
0.00 

170 

60 
n.d. 

70 
n.d. 

70 
20 

n.d. 
n.d. 
0.15 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

272 
GB 

58.47 
1.20 

18.32 
8.29 
om 
4.42 
4.65 
2.25 
2.17 
0.17 

150 
70 

n.d. 
80 

n.d. 
90 
30 

n.d . 
n.d. 
0.21 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 

273 
GB 

58.43 
1.04 

18.74 
7.43 
0.09 
4.41 
6.33 
0.45 
2.81 
0.27 

91 
40 

n.d. 
20 

n.d . 
80 
30 

n.d. 
n.d. 
0.03 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 

RIETSALO 
274 275 
GB GB 

60.44 
1.03 

17.30 
6.88 
O.lO 
4.33 
6.06 
1.84 
1.75 
0.28 

120 
40 

n.d. 
10 

n.d. 
60 
20 

n.d . 
n.d. 
0.07 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

57.75 
1.16 

18.05 
7.99 
0.09 
3.91 
5.49 
3.05 
2.08 
0.46 

110 
40 

n.d. 
30 

n.d. 
80 
20 

n.d . 
n.d . 
0.06 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 

276 
GB 

58.67 
1.15 

18.34 
7.52 
0.08 
3.77 
4.86 
2.99 
2.49 
0.13 

150 
50 

n.d. 
50 

n.d . 
90 
20 

n.d. 
n.d. 
O.lO 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 

277 
GB 

58.78 
1.19 

18.40 
7.26 
0.08 
3.75 
5.47 
2.44 
2.44 
0.19 

92 
40 

n.d. 
50 

n.d. 
80 
20 

n.d . 
n.d . 
0.16 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

278 
GB 

59.29 
1.24 

17.71 
7.08 
0.09 
3.58 
5.94 
2.37 
2.34 
0.37 

llO 
40 

n.d . 
lO 

n.d. 
70 
20 

n.d. 
n.d. 
0.07 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 

SIIKAVESI 

279 280 281 282 283 284 
GB GB GB GB GB GB 

59.68 55.45 50.80 53.19 51.01 51.23 

1.37 1.12 3.69 0.50 1.1 5 0.40 
17 .38 20.34 13.78 lO.60 9.29 15.13 
7.76 7.29 11.24 11 .69 16.01 lO.OO 
0.10 0.06 0.13 0.18 0.20 0.15 
3.54 3.28 3.lO 16.68 14.08 13.97 
5.66 5.19 7.29 5.31 5.38 7.60 
2.03 4.43 2.02 0.91 0.65 0.40 
2.14 2.59 5.81 0.95 2.00 1.05 
0.34 0.25 2.14 0.00 0.23 0.07 

89 llO 26 1300 1100 880 
30 50 10 50 4620 170 

n~. n.d. n.d . n.d. n.d. n.d. 
lO 50 40 <10 450 110 

n~ . n~ . n.d . n.d. n.d. n.d . 
80 120 140 20 100 20 
20 30 20 10 220 40 

n~ . n.d . n~. n.d. n.d. n.d. 
n.d. n.d . n.d. n.d. n.d. n.d. 
0.06 0.24 0.33 0.05 2.80 0.29 
n ~. n.d. n.d . n.d. n.d. n.d . 
n~ . n~. n.d . n~ . n.d. n.d. 
n~. n~. n.d. n.d. n.d. n.d. 
n.d. n.d. n.d . n.d. n.d. n.d. 
n.d. n~. n.d. n.d. n.d. n.d. 
n.d. n.d. n.d. n.d. n.d. n.d. 
n.d. n.d. n.d. n.d. n.d. n.d . 
n.d. n.d. n.d. n.d. n.d. n.d . 
n.d. n.d . n.d. n.d . n.d. n.d . 
n.d. n.d . n.d. n.d . n.d. n.d . 
n.d. n.d. n.d. n.d. n.d. n.d. 
n~ . n~. n.d. n.d. n.d. n.d. 

285 
GB 

51.98 
0.45 

16.74 
8.49 
0.14 

11 .23 
8.27 
1.26 
1.31 
0.12 

5lO 
60 

n.d . 
60 

n.d . 
20 
30 

n.d . 
n.d . 
0.13 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 



Appendix 1. Conlinued 20/22. 

Occurrence I 
Sampie 
Lithology 
Si02 
Ti02 
AI203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

286 
GB 

53.12 
0.78 

16.72 
9.38 
0.15 
9.21 
6.SO 
1.91 
1.74 
0.49 

3SO 
100 
n.d . 

30 
n.d. 

40 
20 

n.d . 
n.d . 
0.13 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

287 
GB 

51.31 
0.29 

21.15 
6.39 
O.lD 
7.52 

10.13 
2. lD 
0.94 
0.07 

280 
SO 

n.d . 
30 

n.d. 
20 
lD 

n.d . 
n.d . 
0.09 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 

288 
GB 

SO.6O 
1.38 

17.75 
lD.63 
0.17 
6.49 
9.00 
2.15 
1.47 
0.36 

110 
20 

n.d . 
40 

n.d. 
30 
20 

n.d. 
n.d . 
0. 18 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 

SIIKAVESI 
289 290 291 
GB GB GB 

SO.25 SO. 54 46.96 
0.30 1 .49 3.06 

22.94 19.04 13.77 
5.51 9.64 16.12 
0.08 0.15 0.25 
6.16 5.67 5.49 

11.87 9.16 9.52 
1.66 2.82 1. 77 
1.15 1.06 1.12 
0.07 0.42 1.95 

200 
70 

n.d . 
30 

n.d. 
20 
20 

n.d. 
n.d . 
0. 12 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n .d . 
n.d. 
n .d . 
n .d . 
n .d . 

78 
10 

n.d . 
30 

n.d. 
30 
lD 

n.d. 
n.d . 
0.12 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 

13 
10 

n.d. 
80 

n.d. 
SO 
30 

n.d . 
n.d . 
0.45 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 

292 
GB 

51.68 
1.02 

19.78 
8.44 
0.14 
5.47 
9.39 
2.51 
1.31 
0.26 

95 
20 

n.d. 
40 

n.d. 
30 
20 

n.d. 
n.d . 
0.18 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 

293 
GB 

52.25 
1.28 

18.70 
lD.80 
0.13 
5.06 
7.07 
3.06 
1.37 
0.29 

110 
40 

n.d. 
lD 

n.d. 
SO 
20 

n.d. 
n.d . 
0.07 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 

294 
GB 

53.59 
1.33 

19.31 
9.89 
0.09 
4.46 
4.28 
3.54 
3.36 
0.15 

130 
70 

n.d . 
70 

n.d . 
110 
30 

n.d . 
n.d. 
0.27 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 

295 
GB 

49.05 
3.01 

16.89 
13.79 
0.21 
3.37 
8.84 
2.92 
0.78 
1.14 

16 
<10 
n.d . 

60 
n.d . 

40 
20 

n.d . 
n.d. 
0.51 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 

296 
GB 

64.52 
0.73 

17.93 
4.55 
0.05 
2.15 
5.07 
3.20 
1.63 
0.17 

20 
lD 

n.d . 
<lD 
n.d. 

SO 
lD 

n.d. 
n.d . 
0.06 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 

SIIKASAARI 
297 298 299 
GB GB GB 

59.47 59.70 58.52 
0.97 1.04 1.07 

17.35 17.41 18.16 
770 7.82 7.25 
0.10 0.09 0.08 
4. 16 3.90 3.81 
5.73 4.51 4.80 
2.74 3.21 3.57 
1.48 2.15 2.37 
0.30 0.18 0.36 

130 
30 

n.d. 
30 

n.d . 
50 
20 

n.d . 
n.d. 
0.09 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 

97 
SO 

n.d . 
SO 

n.d. 
80 
20 

n.d . 
n.d . 
0.13 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

140 
40 

n.d . 
20 

n.d. 
70 
20 

n.d . 
n.d. 
O.lD 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

300 
GB 

60.15 
1.05 

17.86 
7.13 
0.09 
3.54 
4.81 
3.01 
2.lD 
0.27 

llD 
30 

n.d . 
60 

n.d. 
70 
20 

n.d. 
n.d . 
0.15 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 



Ti02 
AI203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
V 
Th 
La 
Ce 
CI 

301 

GB 
61 .23 

1.09 
17.72 

6.61 

0.08 

3.50 

5.20 
2.54 

1.70 
0.31 

78 

40 
n.d. 

30 

n.d. 
60 
20 

n.d. 
n.d. 
0.08 

n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 

302 
GB 

60.32 

1.11 
18.11 
6.77 

0.08 

3.19 

5.50 

3.31 
1.29 

0.33 

54 

20 
n.d . 

40 

n.d. 
50 

10 
n.d . 
n.d . 
0.09 

n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d . 

SVÖMÄJÄRVI 

303 304 

GB GB 
52.36 55.21 

1.13 0.74 

17.41 16.96 

9.71 7.93 

0.14 0.13 

7.77 7.13 

9.09 9.11 

1.51 1.35 
0.76 1.29 

0.11 0.16 

460 

40 
n.d . 

50 

n.d . 
30 
20 

n.d . 
n.d. 
0.04 

n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 

490 

10 
n.d. 
<10 
n.d. 

30 

10 
n.d . 
n.d. 
0.05 

n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 

305 
GB 

51.64 

1.89 

17.15 

11 .02 

0.18 

6.56 
9.76 

0.51 
0.73 

0.55 

300 
10 

n.d. 
20 

n.d. 
20 

10 
n.d. 
n.d. 
0.04 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d. 

306 
GB 

53.95 

0.61 

19.04 

8.79 

0.16 

6.34 

7.70 

1.80 
1.39 

0.22 

350 

20 
n.d . 
<10 
n.d. 

50 
20 

n.d . 
n.d . 
0.03 

n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

307 

PRO 
44.43 

0.23 

2.73 

15.92 

0.24 

30.28 

6.18 

0.00 
0.00 

0.00 

>390 
670 

n.d . 
260 
n.d . 
110 
170 

n.d. 
n.d. 
0.37 

n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 

TURUNEN 

308 
PRO 

43.82 

0.25 

3.79 

15.23 

0.22 

30.19 

6.50 

0.00 
0.00 

0.00 

>660 
740 

n.d . 
180 

n.d . 
120 

170 
n.d . 
n.d . 
0.25 

n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 

309 

PRO 
45.88 

0.43 

5.36 

14.38 

0.22 

23.49 

9.84 

0.30 
0.09 

0.00 

>570 

610 
n.d . 
130 
n.d. 
130 

130 

n.d . 
n.d . 
0.27 

n.d . 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 

310 
PRO 

48.82 

0.66 
5.03 

12.24 

0.20 

20.57 

11.57 

0.68 
0.18 

0.05 

>650 
620 
n.d: 
190 
n.d . 
100 

120 

n.d . 
n.d . 
0.20 

n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 

311 
GB 

51.49 

0.65 

14.40 

10.24 

0.17 

13.44 

7.17 

0.93 
1.25 

0.26 

690 

100 
n.d . 

50 
n.d. 

20 

30 
n.d . 
n.d. 
0.18 

n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d. 
n.d. 

VEKARAINEN 

312 313 

GB GB 
50.64 54.15 

0.68 0.90 

15.91 16.64 

10.62 10.58 

0.17 0.16 

11 .84 8.95 

7.33 5.75 

0.98 0.90 
1.46 1.64 

0.38 0.35 

520 
110 

n.d . 
70 

n.d. 
30 

30 
n.d . 
n.d . 
0.30 

n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 

460 

90 
n.d . 

60 
n.d . 

40 

30 
n.d . 
n.d . 
0.21 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 

314 

GB 
50.09 

0.90 

18.18 
11 .62 

0.18 

8.53 
7.22 

1.49 
1.34 

0.45 

280 

80 
n.d. 

50 
n.d. 

30 

20 
n.d . 
n.d . 
0.14 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 
n.d. 
n.d . 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

315 

GB 
50.39 

1.12 

18.11 
10.79 

0.15 

8.09 
8.11 

1.71 

1.20 

0.34 

250 

60 
n.d . 

40 

n.d . 
20 

20 
n.d . 
n.d. 
0.14 

n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d. 
n.d . 
n.d. 
n.d . 
n.d . 
n.d . 
n.d . 



Ti02 
AI203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

Cr 
Ni 
V 
Cu 
Pb 
Zn 
Co 
Sn 
Mo 
S 
As 
Rb 
Ba 
Sr 
Ga 
Nb 
Zr 
y 

Th 
La 
Ce 
CI 

316 
GB 

51.68 
1.10 

17.23 
10.93 
0.1 3 
7.18 
7.01 
1.90 
1.96 
0.89 

210 
60 

n,d , 
50 

n.d . 
40 
20 

n,d , 
n,d , 
0,17 
n.d . 
n,d . 
n,d , 
n,d , 
n.d . 
n.d. 
n,d , 
n.d , 
n,d , 
n.d , 
n,d , 
n,d , 

VEKARAINEN 

317 318 
GB GB 

49.41 48.65 
1.16 1.74 

19.03 20.07 
9.90 15.27 
0.12 0.19 
7.00 6.92 
7.65 4.78 
2.23 1,05 
2,47 1,26 
1,03 007 

130 
30 

n,d. 
20 

n,d. 
50 
30 

n,d , 
n,d. 
0.19 
n,d , 
n,d , 
n.d . 
n.d. 
n,d. 
n,d , 
n,d , 
n,d , 
n.d , 
n,d , 
n.d , 
n.d. 

230 
130 
n.d . 
120 
n.d, 

60 
40 

n,d , 
n,d , 
0,43 
n,d . 
n.d . 
n,d , 
n,d, 
n.d , 
n,d. 
n,d . 
n.d . 
n,d , 
n.d . 
n,d . 
n,d , 

319 
GB 

51 .74 
1.11 

18,69 
11 ,32 
0,13 
6,49 
6.61 
2.28 
1,56 
0.06 

170 
100 
n,d , 
100 
n,d , 

50 
30 

n,d , 
n.d . 
0.38 
n,d , 
n,d , 
n,d . 
n,d , 
n,d, 
n,d , 
n,d , 
n,d , 
n.d, 
n,d , 
n.d , 
n.d . 

320 
GB 

57 ,29 
0,65 

18,45 
6.87 
0.09 
5.61 
6,51 
2,33 
1.77 
0,43 

110 
40 

n.d . 
20 

n,d , 
40 
20 

n,d , 
n,d . 
0,08 
n,d , 
n.d . 
n.d . 
n.d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n.d . 
n,d. 
n,d , 

321 
GB 

53.53 
0,54 
8,13 

13.12 
0,19 

19.15 
4,05 
0,00 
1,12 
0,18 

1900 
900 
n.d . 
290 
n,d , 

30 
70 

n,d , 
n,d. 
0,75 
n,d , 
n.d , 
n.d . 
n.d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 

322 
GB 

54.24 
0,55 
8,01 

13,38 
0,19 

18.53 
3.92 
0,14 
0,87 
0,17 

1800 
820 
n,d. 
280 
n,d , 

30 
60 

n,d , 
n.d. 
0,50 
n,d, 
n,d , 
n.d . 
n.d . 
n,d, 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 
n,d , 

VIRMAANLAHTI 
323 324 
GB GB 

55.88 53, 16 
0.52 0,62 
8.76 10.35 

12,48 12,14 
0,18 0,18 

16,99 16.03 
3.86 5,86 
0,17 0.48 
1,02 1,02 
0.14 0.17 

1700 
390 
n,d. 
llO 

n,d. 
30 
40 

n,d , 
n.d . 
0,25 
n,d , 
n,d , 
n.d. 
n.d , 
n,d, 
n,d. 
n,d. 
n,d, 
n ,d , 
n,d . 
n,d. 
n,d , 

1500 
340 
n.d . 
120 
n,d. 

20 
30 

n,d , 
n,d , 
0.24 
n,d . 
n,d , 
n,d , 
n.d . 
n,d , 
n,d. 
n,d. 
n,d , 
n.d , 
n,d , 
n,d. 
n.d . 

325 
GB 

52,06 
0,74 

11 .83 
lO,96 
0,16 

14,13 
7,37 
1.22 
1.05 
0,48 

1500 
100 
n.d. 

10 
n.d , 

30 
10 

n,d , 
n.d, 
0.06 
n,d. 
n,d , 
n,d , 
n.d. 
n,d, 
n,d, 
n.d, 
n,d. 
n,d , 
n,d , 
n,d , 
n,d. 

326 
GB 

54,73 
0,81 

12,01 
lO.51 
0.15 

12,84 
6.89 
0,30 
1.47 
0,29 

980 
160 
n.d . 
llO 

n.d. 
30 
30 

n.d . 
n,d , 
0.20 
n,d . 
n,d . 
n,d. 
n,d , 
n,d, 
n,d, 
n,d , 
n,d. 
n,d. 
n,d , 
n,d , 
n,d. 

327 
GB 

52,92 
0,63 

15,11 
8,84 
0,13 
9.99 
9,48 
1.64 
1.04 
0,22 

690 
70 

n.d . 
40 

n.d , 
20 
10 

n,d , 
n,d , 
O,lO 
n.d , 
n.d . 
n,d . 
n,d, 
n,d. 
n.d. 
n,d. 
n,d , 
n.d. 
n,d , 
n,d , 
n.d , 



Appendix 2. Mlcroprobe analyses 01 olivine and orthopyroxene. PRD=peridolite, GB=gobbro, UMAF=ultramatic 
lava and 5111 . Fo and En in m-er., Ni, Co and Cu in ppm. 

Occurrence Sampie Uthology Fo NI(ol) Co(ol) 1 Cu(ol) 1 En Ni(opx) 1 Co(opx) Cu(opx) 
KEKONEN 1 PRO 75.40 1120 260 80.02 230 190 

2 PRO 72.83 1340 340 77.75 220 110 
3 PRO 72.59 800 76.20 200 
4 PRO 71.63 780 78.14 170 

KIISKILÄNKANGAS 5 GB 80.27 150 82.52 1 <100 
6 PRO 77.28 280 83.73 <100 
7 PRO 76.68 880 260 
8 PRO 75.44 230 I 80.36 <100 
9 PRO 75.12 330 320 80.40 <100 160 
10 PRO 74.89 480 78.94 110 
11 PRO 80.14 <100 

LEVÄNOMAINEN 12 UMAF 1 73.27 2500 1 78.67 500 
LUMPEINEN 13 PRO 77.95 470 <100 260 I 

14 PRO 77.72 380 290 
15 PRO 77.51 550 
16 PRO 77.18 430 -
17 PRO 76.61 410 
18 PRO 76.55 360 
19 PRO 76.34 310 

~ 20 PRO 76.26 260 
21 PRO 76.19 380 --'--
22 PRO 76.14 360 
23 PRO 75.92 340 I 

I 

24 PRO 75.83 310 
25 PRO 75.72 360 ~ I ._--~-

26 PRO 75.53 320 

1= 27 PRO 75.51 270 
28 PRO 75.44 650 
29 PRO 75.36 270 I 

30 PRO 75.08 310 i 

31 PRO 74.72 260 
32 PRO 74.70 370 I 

------ --- - -
33 PRO 74.62 330 
34 PRO 74.35 290 
35 PRO 73.91 180 320 I 
36 PRO 73.79 260 280 1 
37 PRO 73.65 280 310 
38 PRO 73.65 340 

- - - 1--
39 PRO 73.49 250 I 

40 PRO 73.39 250 . 
41 PRO 73.35 300 I 

---- -I--
42 PRO 73.28 300 --
43 PRO 73.15 320 I I 
44 PRO 73.02 220 ?4- j --
45 PRO 72.93 290 . 
46 PRO 72.68 320 330 I 

I - j ---
47 PRO 72.62 310 , -- -
48 PRO 72.42 340 

~- -
49 PRO 72.07 310 340 . --
50 PRO 71.86 310 ---
51 PRO 71.80 310 250 1 

~ 

52 PRO 71.57 270 
l- r -- j 53 PRO I 71.43 270 I 



Appendix 2. Conltnued 2/4. 

Occurrence Sampie Ulholoav Fo Ni(ol) Co(ol) Cu(ol) En Ni(opx) Co(opx) I Cu(opx) 
LUMPEINEN 54 PRO 71.36 260 

55 PRO 70.84 280 
56 PRO 70.18 140 
57 PRO 69.22 410 
58 PRO 68.89 330 
59 PRO 66.12 300 

MYLLYNKYLÄ 60 UMAF 71.23 2080 330 
61 UMAF 68.03 1670 

NIINIMÄKI E 62 PRO 82.11 940 220 83.40 260 <100 
63 PRO 81.85 1270 83.56 350 320 
64 PRO 81.64 960 140 83.38 220 210 
65 PRO 81.49 1170 
66 PRO 81.28 990 190 82.96 270 330 
67 PRO 81.25 1060 420 82.58 210 230 
68 PRO 81.04 1060 <100 82.53 200 :gg 
69 PRO 80.22 890 
70 PRO 77.73 970 80.35 360 120 

NIINIMÄKIW 71 PRO 80.32 560 82.51 260 
72 PRO 80.21 530 82.31 160 
73 PRO 79.70 770 
74 PRO 79.36 860 81.31 <100 180 
75 PRO 78.58 750 210 
76 PRO 77.49 950 130 

PAKINMAA 77 UMAF 76.16 2520 80.40 410 
78 UMAF 73.98 2090 290 78.16 340 140 

PIHLAJASALO 79 PRO 84.78 900 
80 PRO 84.63 1010 
81 PRO 84.31 990 
82 PRO 84.19 930 210 
83 PRO 83.07 930 200 
84 PRO 82.03 900 
85 PRO 81.84 690 210 

86 PRO 81.70 690 
87 PRO 81 .37 650 
88 PRO 81 .24 640 
89 PRO 81.09 780 240 
90 PRO 80.23 1360 310 
91 PRO 80.22 380 
92 PRO 79.44 800 
93 PRO 78.87 210 
94 PRO 78.86 460 230 

95 PRO 76.68 760 
RANTALA 96 UMAF 78.67 580 81.21 100 

97 UMAF 74.00 630 
98 UMAF 72.41 700 79.10 120 

99 UMAF 70.09 570 
100 UMAF 67 .97 760 <100 76.61 120 160 
101 UMAF 65.85 730 410 
102 UMAF 93.79 <100 

RAUTJÄRVI 103 UMAF 73.28 1190 78 .88 250 
104 UMAF 69.94 1090 77 .21 210 

105 UMAF 69.77 1100 350 76 .20 210 120 

106 UMAF 69.01 1020 76.53 210 

107 UMAF 73.50 310 



Appendix 2. Conlinuecl 3/4. 

Occurrence Sam pie UlholoQY Fo(m-%) Ni(ol) Co(ol) Cu(ol) En Ni(opx) Co(opx) Cu(opx) 
RAUTJÄRVI 108 UMAF 76.82 190 

109 UMAF 73.31 410 
SAARIJÄRVI N 110 PRD 79.45 810 80.65 210 

111 PRD 78.67 1270 81.65 260 
114 PRD 78.48 1180 
115 PRD 78.27 1090 81.39 200 
116 PRD 78.24 1090 81.35 220 
117 PRD 78.22 1020 82.14 180 
121 PRD 78.00 1190 82.46 230 
124 PRD 77.71 1100 300 81.21 210 170 
126 PRD 77.61 1120 
127 PRD 77.58 890 80.71 150 
128 PRD 77.55 1080 
129 PRD 77.49 1000 80.95 220 
133 PRD 77.44 900 310 120 81.03 180 110 <100 
134 PRD 77.43 900 290 81.07 180 <100 
135 PRD 77.39 1120 80.67 260 
136 PRD 77.36 960 80.60 220 
139 PRD 77.12 1020 82.44 280 
140 PRD 76.99 1070 80.58 220 
141 PRD 76.87 1100 220 130 82.42 220 140 170 
143 PRD 76.68 1220 80.87 250 
147 PRD 76.51 1330 81 .47 290 
148 PRD 76.45 900 80.38 170 
149 PRD 76.44 930 
150 PRD 76.40 1100 79.92 200 
151 PRD 76.31 1360 80.26 300 
154 PRD 76.23 1180 79.45 260 
157 PRD 76.09 1020 80.00 190 
159 PRD 75.90 1250 79.79 240 
160 PRD 75.83 900 79.98 160 
162 PRD 74.85 940 78.96 190 
164 PRD 74.3 1 1260 78.36 260 
165 PRD 74.29 1140 79.79 210 

SAARIJÄRVI S 112 PRD 78.66 1300 82.50 260 
113 PRD 78.59 1340 290 83.75 340 110 
118 PRD 78. 12 1340 83.49 380 180 
119 PRD 78.09 1310 80.97 220 
120 PRD 78.00 1390 83.06 300 
122 PRD 77.81 1270 82.80 340 
123 PRD 77.74 1370 82.22 300 390 
125 PRD 77.67 1520 83.29 340 
130 PRD 77.46 1230 80.26 230 
131 PRD 77.46 1310 80.75 270 260 
132 PRD 77.46 1400 83.04 310 
137 PRD 77.31 1250 80.73 220 
138 PRD 77.19 1020 79.65 320 180 
142 PRD 76.84 1300 80.22 230 
144 PRD 76.67 1230 250 82.36 280 140 
145 PRD 76.63 1350 79.61 260 
146 PRD 76.56 1240 660 81.45 260 130 
152 PRD 76.30 1360 81.99 260 
153 PRD 76.26 1140 79.43 210 
155 PRD 76.18 1290 140 79.96 220 <100 



Appendix 2. Conttnued 4/4. 

Occurrence Sampie UtholoQV Fo(m-%) Ni(ol) Co(ol) Cu(oI) En Ni(opx) Co(opx) Cu(opx) 
SAARIJÄRVI S 156 PRD 76.12 1390 81.75 330 

158 PRD 75.99 1300 <100 80.20 250 <100 
161 PRD 75.67 1070 80.67 210 

163 PRD 74.80 1050 350 79.35 220 130 
166 PRD 81.93 290 

TURUNEN 167 PRD 75.31 620 330 
168 PRD 74.83 780 330 
169 PRD 69.25 860 370 
170 PRD 69.12 780 410 
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