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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 horizontal orien-
tations.

The parent magma to the intrusions was tholeiitic, with MgO abundances of
8- 11 w-% and an A1,0,/TiO, ratio of around 10. Considerable variations in CaO/
AL O, 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 of their respective mineralogy, the peridotites are accordingly classified
as either wehrlites or lherzolites.

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 basalmost 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 relatively lowe, (1.88Ga)values between0.4+0.3
and 2.4+0.4. The mass ratio of silicate melt to sulfide melt (log R) varied from
2.29 - 2.97 with Dy/*" ranging from 243 - 530. Ore compositions are in many
cases strongly influenced by whole-rock chemistry of the 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 spinel, 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 small, which is principally a function of the generally small sizes of the host
intrusions themselves.
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INTRODUCTION

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

Location of study 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 1:400 000 geological map
(Sheet C2), published together with compre-
hensive explanatory notes by the then Geolog-
ical Commission of Finland (Frosterus 1900,
1903), although the eastern part of the region
extends into the area covered by the adjoining
Savonlinna 1:400 000 map (Sheet D2, Hack-
man and Berghell, 1931; Hackman, 1933).
The results of more recent mapping of the
region at a scale of 1:100 000 have been pub-
lished steadily since the 1960’s, including the
map sheets 3144-Sulkava (Lehijirvi, 1966)
and 3142-Mikkeli (Simonen and Niemeli,

1980). Explanatory notes have been published
for these two sheets (Korsman and Lehijérvi,
1973; Simonen, 1982), but are not yet avail-
able for the 3233-Rantasalmi (Korsman,
1973) or 3231-Haukivuori sheets (Pekkarinen
and Hyvirinen, 1984).

Exploration activity in the Juva district
commenced during the 1960°s, when amateur
prospectors discovered a number of samples
containing Cu and Ni mineralization. This led
to the discovery in 1964 and subsequent ex-
ploitation of the Virtasalmi copper deposit
(Hyvirinen, 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 Hyvirinen, 1951; Marmo, 1954;
Hyvirinen, 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-
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dahl, 1988; Kontoniemi, 1989), 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 Kilpeldinen (1986), Korsman et al.
(1988), Kilpeldinen (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 (Pietikdinen, 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,

Sample material and

The material sampled has been collected
during the course of ongoing exploration car-
ried out in the region by the Geological Sur-
vey of Finland and for this reason drill 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 samples
from the diamond drill cores, or from samples
obtained using the portable drill; in the latter
case the upper 5 cm was always removed prior
to sample preparation, in order to avoid any
possible weathering or leaching effects. Sam-
ples were also taken for the purpose of prepar-
ing thin sections.

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

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. 1).

analytical methods

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 samples, along with a var-
iable number of other trace elements. The
results of some 1700 analyses from split me-
ter-long 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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Jotnian sediments
Rapakivi granites
Svecokarelian granitoids

Svecokarelian mafic and ultramafic intrusions

Svecokarelian sediments and volcanics

Archean greenstone belts
Archean granitoids
155 Kotalanti Ni-belt

277 vammala Ni-belt

Fhbb b
tHt bbbt

Fig. 1. Location of the study area on the geological map of Finland (outlined by rectangle). The map is modified after Simonen
(1980) and Gorbunov and Papunen (1985), with the Kotalahti nickel belt after Gadl (1972) and Vammala nickel belt after Mikinen

(1987).

from selected intervals at each target and in
one case PGE were analyzed more comprehen-
sively.

The compositions of silicate minerals were
determined quantitatively by electron micro-
probe studies of polished thin sections, with
on average three grains of each mineral per
thin section being analyzed. Olivine was ana-
lyzed whenever present but pyroxene was

analyzed only from selected samples. During
the earliest investigations, at the beginning of
the 1980’s, olivine was only routinely ana-
lyzed for Fe and Ni, but subsequently all
major components were analyzed, along with
Ni, Co and Cu.

In addition to the above mentioned analyt-
ical data, the present study has made use of a
total of 93 whole rock chemical analyses 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 Venetekemi intrusion near Pieksimiki
(Minttdri, 1988) have also been utilized.

All chemical analyses have been carried out
at the chemical laboratory of the Geological
Survey of Finland. Whole 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-
lyzed by ICP-MS (PGE nickel sulfide fire
assay preconcentration).

Silicate 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 50 or 100 nA. Sys-
tematic shifts in Ni abundances of silicates
were observed between samples from different
analytical runs at the beginning of the 1980°s
and for this reason, reference samples from
each locality were reanalyzed in order to allow
calculation of correction factors and facilitate
comparison of the results. Reference material
also included three samples that had previously
been analyzed by the Outokumpu Ltd. labora-
tories in 1981; results were generally found to
correlate well with one another although the Ni
abundances of olivine tended to be somewhat
lower in the Geological Survey analyses with
a factor of 0.905.

Because peridotitic samples 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 protoliths prior to
serpentinization, they have been recalculated
on a volatile-free basis by normalization to a
total sum of 100%, such that SiO, + TiQ,
Al,O,+ FeO_  + MnO + MgO + CaO + Na,O
+ K,0 + P,0, = 100. '

Some samples 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_ % - 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 it has been necessary to infer
olivine forsterite contents and pyroxene enst-
atite contents on the basis of respective iron
abundances.

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

10000-182.4427Fe(w-%)
Fo(m-%) =

100-0.5648Fe(w-%)

or when converted to oxide form:

10000-141.8127FeO(w-%)
Fo(m-%) = — i

100-0.4390FeO(w-%)

Likewise, in the case of pyroxene, enstatite
+ ferrosilite = 100 and hence:
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10000-236.2368Fe(w-%)
100-0.5648Fe(w-%)

En(m-%) =

or when converted to oxide form:

10000-183.6269FeO(w-%)

En{m-%) =
TG 100-0.4390FeO(w-%)

The validity of these formulae has been
evaluated by comparing calculated Fo and En

compositions against actual Fe and Mg meas-
urements from selected olivine and pyroxene
samples, and results of the comparison are
shown in Figure 2. It is apparent from this that
discrepancies are very small, and become sig-
nificant only at low En compositions. For the
purposes of this study however, samples with
low calculated En contents have not been
used.

85 —
Focai 1
80 —
75 *
0+
86— +————TF 1 +———
65 10 s 80 85
Fo

90
Encal :

80 1

0

60

S0

Fig. 2. En and Fo contents (m-%) calculated on the basis 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 supracrustal rocks of the Juva region
fall within the broadly defined Svecofennian
Supergroup of Luukkonen and Lukkarinen
(1986), and lies partly within the southeastern
part of the Raahe-Ladoga ore zone of Kahma
(1973). According to Gadl (1986, 1990) and
Ekdahl (1993), the Raahe-Ladoga zone repre-
sents an early Proterozoic collisional suture,
in which case the Juva region would lie within
the former site of the postulated subduction
zone. The Kolkonjirvi shear zone (Gaal, 1972;
Korsman et al., 1984), the formation of which

was attributed to these processes by Gadl
(1986), passes through the eastern part of the
Juva district (Figs. 3 and 4). According to
Piirainen (1987), the 1.9 Ga Svecofennian
magmatism relates to rifting within an island
arc setting, in which volcanism gradually pro-
gressed from initial felsic or bimodal volcan-
ism to later mafic-dominated magmatism. In
contrast, Lahtinen (1994) regarded the Ni-
bearing intrusions in the Raahe-Ladoga zone
as manifestations of within-plate magmatism
post-dating arc-continent collision.
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-5400
mGal (*100)

Kolkonjarvi shear zone

N

Kilometers

60

O
28

Fig. 3. Svecofennian Ni-Cu occurrences in southeastern Finland (circles, Puustinen et al., 1995). Occurrences with red circle are
included 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 gravimetric data see Elo, 1992)

The so-called Kotalahti nickel belt (Gaal, have been documented in closer proximity to
1972) is clearly defined at a distance of some the shear zone (Kontoniemi and Makkonen,
15km to the northeast of the Kolkonjirvi shear 1991). The Kotalahti nickel belt is imaged
zone, whereas a number of gold occurrences 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 Kolkonjirvi

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

GEOLOGY OF THE JUVA DISTRICT

Lithological &escriptions

The following generalized descriptions of
the principal rock types in the Juva 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
Juva district, 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 Juva area is
presented in the appended map.

Mica schists and mica gneisses are the pre-
dominant rock types throughout the Juva 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 characteristics of turbidites, in-
cluding grading, cross-bedding and slump
structures (Gadl and Rauhamiki, 1971). Dis-
continuous intercalations of calc-silicate
lithologies, sometimes containing scheelite as
well as carbonate, are also abundant within
the turbiditic sequences but are generally less
than ten centimeters thick. Graphite-rich pe-
litic intercalations are also common.

With increasing metamorphic grade biotite
becomes more obvious in pelitic lithologies
and muscovite abundance decreases at the
expense of andalusite and eventually K-feld-
spar, sillimanite, cordierite and garnet (Kil-
peldinen, 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 lo-
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
Kolkonjérvi; individual beds are about a me-
ter thick and clasts are generally rounded with
diameters less than 10 cm. Conglomerates
containing clasts of igneous origin have also
been found in the Haukivuori 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
composite 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 cherts. Individ-
ual layers may attain thicknesses of 10 m and
similar lithologies have been reported from
elsewhere within the same broad zone along
strike from Tutunen, as in the Pirild area
(Makkonen and Ekdahl, 1988).

As noted above, iron formations are also
locally present within this calc-silicate and
chert association. Oxide facies formations
seldom exceed 5 m in thickness and are rep-
resented by quartz-magnetite rocks that com-
monly also contain Fe-rich metamorphic min-
erals such as grunerite, diopside-hedenbergite
and Fa-olivine. Iron formations that differ
from the typical oxide facies units in having
abundant garnet in addition to grunerite, or
consist essentially of quartz and grunerite are
considered to represent silicate facies depos-
its. Sulfide facies iron formations are well-
developed within the Tutunen
where compact pyrrhotite-rich layers up to
several meters thick occur in association with
the cherty layers. The Tutunen and Pirild ar-
eas in general contain the best-developed iron
formations in the region.

Volcanogenic rocks are predominantly ma-
fic in composition and comprise elongate
zones intruded by granitoids. Hornblende-
bearing gneisses that are typically homogene-
ous, though sometimes banded due to varia-
tions in grain size, have generally been inter-
preted as intermediate volcanics. Primary
depositional features are seldom seen because
of intense foliation development and meta-
morphic recrystallization, although relict ag-
glomeratic and porphyritic textures are spo-
radically preserved.

Clastic fragments within coarse volcani-
clastic units are generally elongated, though
still less then 10 ¢cm in maximum dimension
and are typically lighter in colour than their
matrix, consisting mostly of hornblende and
plagioclase. Plagioclase and uralitic horn-
blende after clinopyroxene are the most char-
acteristic phenocrysts in porphyritic volcano-

sequence,

genic rocks and are usually less than 1 ¢m in
size. The groundmass consists of hornblende,
biotite, quartz and plagioclase. On the basis of
all the above features, the intermediate rocks
are regarded as having a predominantly pyro-
clastic origin.

Mafic volcanics are now represented by am-
phibolites, including diopside amphibolites.
Relict pillow structures are still discernible in
numerous places (Korsman, 1973:; Kousa,
1985; Pietikidinen, 1986) and it is highly prob-
able that most, if not all of the amphibolites
and diopside amphibolites in the Juva district
were originally submarine lava flows. Intense
deformation has progressively obliterated pil-
low morphologies in many places however,
resulting in a heterogeneous banded appear-
ance. Even so, pillow structures may still be
recognizable in highly deformed amphibolites
when viewed perpendicular to the principal
elongation lineation (cf. Pietikdinen, 1986).

Granoblastic quartz-feldspar gneisses are
associated with the mafic volcanics and al-
though no primary features relating to depo-
sitional processes have been recognized, local
banding may attest to original bedding. With-
in the same general sequence in the Kolkon-
jarvi area felsic volcanic units are present and
contain relict primary fragmental features that
allow them to be interpreted as lapilli tuffs in
which elongated felsic clasts generally less
than 5 cm in size occur within a felsic to
intermediate matrix.

Ultramafic volcanics and concordant sill-
like intrusions are commonly associated with
the mafic amphibolites. They have previously
been described from the Rantasalmi area
where they occur as both massive concordant
units and discordant intrusions within the
amphibolite sequences. Evidence for an extru-
sive origin for the concordant units is provid-
ed by the occasional presence of pillow struc-
tures and fragmental features, representing
pyroclastic breccias and possibly also auto-
brecciation processes (Kousa, 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
equidimensional domal, though still concord-
ant structures. The granodiorites and quartz
diorites are typically foliated. Tonalitic intru-
sions are characteristic of the Kolkonjirvi
area, where the largest discrete intrusions, the
Tuusmiiki and Osikonmiki plutons show mu-
tually similar chemical 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 veins and irregular elongate lenses. The
finer grained granites tend to form more co-
herent rounded intrusions in both the northern
and southern parts of the district. The Luonte-
rivesi pluton is rather exceptional since it is of
the same age as the granite intrusions even
though it corresponds mineralogically to a
granodiorite and quartz diorite (Korsman and
Lehijdrvi, 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 Hyvirinen (1969) the lowermost
rocks at Virtasalmi are mica gneisses with
graphitic schist intercalations, overlain suc-
cessively 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 proposed for the
Narila area by Pietikdinen (1986). Gaal and
Rauhamiki (1971) concluded that in the
Haukivesi district pelitic lithologies were
lowermost, followed by mafic volcanics, now
diopside amphibolites, with turbidites being
uppermost. According to Simonen (1982) the
quartz-feldspar gneisses and diopside amphi-
bolites lie beneath the mica gneisses.

The present interpretation of the strati-
graphical sequence in the Juva district is out-
lined below.

(youngest)

ultramafic volcanics

mafic volcanics (diopside amphibolites)
felsic volcanics (quartz-feldspar gneisses)
marbles, cherts, iron formations

mica gneisses and mica schists

(oldest)

Consistent transitions through sequence
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 Rautjdrvi ultramafic lava overlies
mafic volcanics.

Mafic intrusions were clearly emplaced into
the mica gneisses. Felsic intrusive rocks 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
metasediments in the mica schist area yield a
discordant age falling 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-called Sulka-
va thermal dome, ages are as young as 1810-
1833 Ma (Korsman et al., 1984; Vaasjoki and
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 felsic volcanic unit from near Joroinen has
provided a zircon U-Pb age of 1906+4 Ma
(Vaasjoki and Sakko, 1988). The U-Pb zircon
age for the Tuusmiki tonalite is 1888+15 Ma
(Korsman et al., 1984) and for the Osikonmiki
tonalite 1887+5 Ma (Vaasjoki and Kontoniemi,

1991). Igneous clasts from the Haukivesi con-
glomerate also have ages of 1885+6 Ma (Kors-
man et al., 1988). The Hiltula granodiorite rep-
resents a younger age group, having an age of
1840+7 Ma (Vaasjoki and Kontoniemi, 1991).
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 Pirild granite being 1815+7 Ma (Korsman et
al., 1984).

Deformation and metamorphic history

The structural and metamorphic evolution
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 some
detail.

According to Korsman et al. (1988) the
Juva district is characterized by zones of in-
creasing progressive metamorphism, with
grade steadily increasing towards the Sulkava
thermal dome. In addition to this zonal pat-
tern, differential movement along major fault
zones has led to a more complex 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 D, deformation (before 1880 Ma),
in contrast to the Sulkava zonal metamor-
phism which culminated during D, at 1830-
1810 Ma. By this time the tectonometamor-
phic domains had assumed approximately
their present form, although some late-D,

shear zones locally truncate the metamorphic
zonation.

Figure 4 is a tectonometamorphic map of
the region showing in addition the style of
folding in the different metamorphic blocks
after Korsman et al. (1988). The boundaries of
the Juva study area are also shown on the map.
F, folds are tight and typically have ampli-
tudes of 10-20 m with S on fold limbs being
almost parallel to lithological layering. F,
folds also tend to be tight, though with wave-
lengths of the order of hundreds of meters.
The S, schistosity is penetrative throughout
the K-feldspar-sillimanite zone, while D, de-
formation is much less pervasive and répre-
sented by asymmetrical folds of variable
wavelength and shear zones that locally dis-
rupt metamorphic zoning. Therefore, D, is
regarded as a mostly retrogressive event, with
the last event recorded in the area being the
regularly oriented D, crenulation cleavage
(Kilpeldinen, 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
sills that occur within the amphibolite zones.

Rocks belonging to the first group have not
been identified from the areas of lowest meta-
morphic grade, characterized by andalusite-
muscovite and K-feldspar-sillimanite assem-
blages and even elsewhere they tend to be
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Fig. 4. Location of the 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-Heiskalanméki area, or as
local swarms of intrusions, as in the Saarijdrvi
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 intrusions, the two groups of mafic
and ultramafic rocks represent different crus-
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-Heiskalanmiki 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 thermal
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-
jarvi and Rahijdrvi, 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
Hietajdrvi 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
S, 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-
ly along an ENE trend which 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, fold axis as defined by
Kilpeldinen (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°.

As well 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
chilled margins.

The same deformational events that affect-
ed the country rock gneisses can be recog-
nized within the intrusions, with a well-devel-
oped S, 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 D, 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
plagioclase-orthopyroxene-biotite-hornblende,
plagioclase-orthopyroxene-biotite and plagi-
oclase-orthopyroxene-hornblende. Figure 6a
shows a typical gabbro from the Luonteri-
Heiskalanmiki 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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6856 antly across the pyroxene alignement.
The mineralogy of the intrusions in the
Luonteri-Heiskalanméki zone is therefore
@ rather uniform throughout the zone and meta-
I j morphic in aspect, making it very difficult to

P | | determine how chemical variations are ex-
HEISKALANMAKI pressed in outcrop or in thin section. It will
nevertheless be demonstrated later that such
differences do exist and are indeed reflected
quite clearly in mineral compositions, thereby
explaining why specific mineral assemblages
appear to be so widespread.

In spite of the intense deformation and degree
of metamorphic recrystallization, relict primary
magmatic features are still sometimes discerni-
ble, as in the Pihlajasalo gabbro (Fig. 7).

Fig. 5. Luonteri-Heiskalanmiiki zone.
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a)

b)

Fig. 6. Representative samples from the Luonteri-Heiskalanmiki zone. a) Typical gabbro, Siikavesi, KJP-83-123.2,
crossed nicols. b) Orthopyroxene porphyroblasts oriented parallel to the foliation, Rietsalo, BH301/41.00. single
nicol. Photos K.Kojonen. opx = orthopyroxene, bt = biotite, plg = plagioclase, hbl = hornblende.
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Fig. 7. Cross-bedded layering in the Pihlajasalo gabbro, HVM-92-10. Length of the scale bar is 10 cm. Photo
J.Viitdinen.

Peridotites

Peridotitic intrusions consist of weakly dif-
ferentiated olivine cumulates or olivine-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 S, foliation. The intrusions
studied are less than 1 km in length and do not
exceed 200 m in thickness. Primary mineral-
ogy in some intrusions has been substantially
modified by metamorphic recrystallization,
with orthopyroxene forming distinct porphy-
roblasts. Despite this, sufficient relict grains
and textures remain to enable classification
using the scheme of Streckeisen (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 wehrlites.

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 lherzolitic in-
trusions are olivine (+ serpentine), orthopy-
roxene, clinoamphibole and occasionally
clinopyroxene as well. Olivine and orthopy-
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Fig. 8. a) Poikilitic olivine orthocumulate, Turunen, BH14/16.10, crossed nicols. b) Olivine orthocumulate,
Lumpeinen, BH373/81.00, single nicol. Photos K.Kojonen.
ol = olivine, am = clinoamphibole, cpx = clinopyroxene.
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Fig. 9. a) Almost totally serpentinized olivine grain surrounded by a reaction corona of orthopyroxene and
clinoamphibole, Saarijarvi, BH359/10.20, single nicol. b) Magnification of the corona (the area outlined 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 occur as primary cumulus phases, as
does accessory chromite. The degree of ser-
pentinization of olivine varies just as in the
wehrlites. Intercumulus phases are clinoam-
phibole, which is a replacement product after
clinopyroxene, and plagioclase. On the basis
of the relative proportions of cumulus and
intercumulus phases, the lherzolites can gen-
erally be regarded as mesocumulates.
Olivine grains display reaction corona tex-
tures when they are in contact with either pla-
gioclase or clinopyroxene (Fig. 9). The coro-
nas are composite, consisting of an inner 0.1-
0.2 mm wide zone of orthopyroxene surround-
ed by an outer zone 0.2-0.4 mm wide consist-
ing of clinoamphibole. In both zones the co-
rona minerals have grown such that their c-
axes are oriented towards the centers of the
olivine grains. Serpentinization has clearly
taken place after the formation of the corona
textures since in some cases the orthopyrox-

ene within the inner zone has also been par-
tially serpentinized. Where olivine is in con-
tact with clinopyroxene coronas consist ex-
clusively of orthopyroxene, the outer
clinoamphibole corona being absent.

The formation of the corona textures can be
explained by the following reaction:

2Mg,SiO, + CaALSi,0, ->

OL PLG
CaMgSi,0, + 2MgSiO, + MgAl 0,
CPX OPX SPI1

If water is present as a reactant, then amphi-
bole can also form (Deer et al., 1982).

Plagioclase has generally been totally con-
sumed by the corona-forming reactions in
these rocks so that the interstices between
olivine grains have been filled with inter-
growths of the various reaction products (Fig.
10). The corona textures are believed to have

Fig. 10. Intercumulus orthopyroxene (opx 1) and orthopyroxene formed by the reaction between olivine and
plagioclase (opx 2), Kekonen, BH346/32.90, single nicol. 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 Saarijarvi N,
Saarijarvi S, Niiniméki E, Niinimidki W, Pih-
lajasalo and Venetekemad.

The Saarijdrvi and Niiniméki peridotites
outcrop within several different parts of pre-
dominantly gabbroic host intrusions, after

which they have been named. It is noteworthy
that the Saarijdrvi peridotites contain excep-
tionally abundant apatite, up to nearly 5 vol-
% of the rock. The Pihlajasalo and
Venetekemd peridotites contain appreciably
less orthopyroxene than the Saarijdrvi and
Niinimiki peridotites. The outermost 5-20 m
at the margins of the Pihlajasalo and
Venetekemd 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, and D,. Contacts
with the mica gneisses are sharp, although
gneissic enclaves are sometimes found within
the marginal parts of the intrusions.

The differentiation sequence is as follows:

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

The peridotites in these intrusions thus cor-
respond 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 lherzolites progressively change to olivine
gabbronorites, pyroxene-hornblende gab-
bronorites and ultimately hornblende gabbros.
Olivine in the lherzolitic 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-
kildankangas can be classified as differentiated
intrusions.

Ultramafic volcanics and sills

All of the ultramafic rocks in this group
occur as concordant sills or lava flows 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 some
places 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 Pirild (Viluksela, 1988), ultra-
mafic rocks are fine-grained and typical meta-
morphic assemblages include tremolitic or ac-
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Fig. 1 1. Ultramafic lava in the garnet-cordierite-sillimanite-biotite zone, Rautjarvi, HVM-83-1.3. single nicol. Photo
K.Kojonen. Abbreviations as in Figures 6 and 8.

tinolitic amphibole or hornblende and olivine.
In areas of higher metamorphic grade, grain
size tends to be larger and orthopyroxene por-
phyroblasts are ubiquitous, accompanied by
olivine and tremolitic-actinolitic amphibole
or hornblende (Fig. 11). Green spinel is a
typical accessory mineral in the ultramafic
rocks.

The ultramafic rocks sometimes exhibit
sharply defined layering and the layered Raut-
jarvi ultramafic lava unit contains individual
layers that vary in thickness from 0.4 m to

over 10 m. The layers differ from one another
with respect to both grain size and texture.
and chemical
composition are small but nevertheless suffi-
cient as to be reliable indicators of the bases
of individual layers. For example Mg-number
and MgO systematically increase towards the

Variations in mineralogical

bases of layers and it can therefore be con-
cluded that the ultramafic rocks stratigraphi-
cally overlie the amphibolites (see Makkonen,
1992).

Internal stratigraphy

[t is sometimes possible to determine the
internal stratigraphy of the intrusions on the
basis of relative proportions of relict igneous
minerals but in most cases the internal varia-
tion is either too small or too much of the
primary mineralogy has been destroyed or

modified. In the following discussion the in-
ternal stratigraphy of selected intrusions has
been compared using a combination of MgO
(w-%), Mg-number, a modified differentia-
tion index (von Gruenewaldt, 1973) and Fo-
content (m-%) (Fig. 12). Intrusions within the



A LUMPEINEN BH 379 SAARIJARVI N BH 361 SAARIJARVI S BH 316 NIINIMAKI BH 344 PIHLAJASALO BH 307

MgO | Mg# | MDI Fo MgO | Mg# | MDI Fo MgO | Mg# | MDI Fo MgO | Mg# | MDI Fo MgO | Mg# | MDI Fo
m | 102030 | 56.7.8 203’040 707580 | 102030 | 5.6.7.8 | 203040 | 758085 | 102030 | 5 6.7 8 203040 | 758085 | 102030 | 56 .7.8 | 203040 | 758085 | 102030 | .5.6.7.8 | 203040 | 758085 | m

N - \» | GABBRO |

553 SR R

Bl KiiSKILANKANGAS BH 365 KEKONEN BH 346 | RIETSALO BH 303 |HEISKALANMAKI BH 332

MgO | Mg# | MDI Fo MgO | Mg# | MDI | MgO | Mg# | MDI | MgO | Mg# | MDI
102030 | 5678 | 203040 | 758085 | 102030 | 5.6 7.8 | 203040 | 102030 | 5 6.7 & | 203040 | 102030 | 56 7.8 | 203040 m

' SN

: AR
: U] :

50 50

o 3

60

70

80

PRD|

90
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Luonteri-Heiskalanmiki zone and the differ-
entiated intrusions show distinct changes in
chemical composition as a function of internal
stratigraphic level. The basal parts of the in-
trusions show enrichment in elements that
occur preferentially within mafic cumulus
mineral phases. In contrast, the peridotitic
intrusions are only weakly differentiated al-
though in spite of this, MgO abundances and

Fo-content can still reveal differentiation
trends. The Pihlajasalo and Niinimiki intru-
sions are somewhat more strongly differenti-
ated than the Saarijdarvi and Lumpeinen intru-
sions. The abrupt transition from gabbro to
peridotite in the Saarijdrvi and Niinimiki in-
trusions is also clearly reflected in the geo-
chemical data.

Ni-Cu OCCURRENCES

Mode of occurrence

Six of the Ni-Cu occurrences in the Juva
district have the average Ni contents in excess
of 0.50 w-% and have been studied in detail.
Mineralization is invariably confined to the
basal parts of the intrusions although because
they have been affected by complex and mul-
tiple deformation, Ni-Cu occurrences can give
the impression of occurring in a variety of
positions within their respective host intru-
sions, depending on whether it is right way
up, inverted, or tilted on end.

The boundaries of the mineralized horizons

are usually readily defined since they coincide
with a marked increase in sulfur abundance,
from less than 1 w-% to several per cent or
more. Sulfides are usually present as dissem-
inations although some compact horizons less
than 2 m thick are present at the contact be-
tween the intrusion and the country rocks and
occasionally as offset ore zones within the
gneisses themselves, as at Pihlajasalo. Figure
13 presents cross-sections through the occur-
rences studied.

Ore mineralogy

The most abundant ore minerals are pyrrho-
tite, chalcopyrite and pentlandite, with a range
of other minerals commonly being present,
including ilmenite, Ni-Co arsenides (niccol-
ite, gersdorffite, gersdorffite-cobaltite), py-
rite after pyrrhotite, and bravoite and violarite
as alteration products after pentlandite. Cu-
banite, sphalerite, magnetite, millerite and
mackinawite are also occasionally present.

The sulfides are generally disseminated
throughout the ore, although in places com-
pacted and brecciated ore textures occur. At
some occurrences, notably Rantala, the
sulfides have been strongly tectonically remo-

bilized during deformation. In contrast prima-
ry sulfide droplet textures consisting of pyr-
rhotite, chalcopyrite and pentlandite have
been preserved intact at the Kekonen occur-
rence. The sulfide droplets are in some cases
surrounded by amphibole corona textures re-
sembling those surrounding olivine grains. At
the Niinimiki occurrence secondary pyrite is
the predominant ore mineral in the upper parts
of the mineralized zone (compare Figs. 14 and
15). Pyrrhotite crystals attain sizes of 1 cm,
while chalcopyrite is up to 4 mm in size and
pentlandite 5 mm. Pentlandite typically oc-
curs as discrete subhedral inclusions within

Fig. 13 (on the right). Cross-sections through the Ni-Cu occurrences.
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Fig. 14. Representative ore samples. a) Kekonen, BH346/49.60; b) Rietsalo BH305/100.20: c¢) Rantala. BH360/
24.10; d) Heiskalanmiki BH332/66.50; ¢) Pihlajasalo, BH311/28.30: f) Niinimiki, BH364/26.80. Photo J. Viitiinen.

pyrrhotite but has sometimes been mobilized tion lamellas. Chalcopyrite likewise often
into fractures within pyrrhotite grains or is occurs in fractures within other sulfide grains
intergrown with it, forming flame-like exsolu-  or within silicates.

Metal abundances

Economically significant metals in the oc-  in terms of estimated tonnage (Table 1).
currences are nickel and copper, and locally
cobalt as well: abundances of plalinum group Table 1. Ni-Cu occurrences in the Juva area. Nig, =
; : Ni in 100 % sulfide.
elements are low. When evaluating potential N ) i

reserves, the geological boundaries of the  (ccurrence ton Ni% Cu% Ni,,
mineralized zones have been defined usinga — .
cutoff grade of 0.3-0.5 w-% Ni. As stated ear-  Pihlajasalo 5000 1.99  0.12 8.78
lier, the occurrences that have been studied so ~ Rantala ELEES 053 @38 3.7
e 5 Kekonen 50000 0.54 0.21 6.46

far are rather modest but of these, the Niini- .0, . 54000 055 0.25 717
miki occurrence is clearly significantly larger  Rjetsalo 56000 053  0.53 5.40
Niinimaki >100000 1.09 0.36 4.95

Fig. 15 (on the right). Photomicrographs from ore samples, single nicol. a) Pentlandite (pn) filling fractures in pyrrhotite (po),
Rantala BH360/8.20. b) Zoned Ni-Co arsenide (nic = niccolite, grs = gersdorffite, grs-cob = gersdorffite-cobaltite, cpy =
chalcopyrite), Pihlajasalo BH311/28.30. ¢) Pyrrhotite-pentlandite assemblage, Niinimiki, BH363/20.35. d) Secondary pyrite (py)
-violarite (vl) ore, Niiniméki, BH370/23.20. 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

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

Luonteri-Heiskalanmiki zone

Table 2 lists mean chemical compositions
for combined data from the Luonteri-Heiska-
lanmiki zone intrusions and the spatially as-
sociated Hietajdrvi, Rasimidki and Niinimiki
intrusions, as well as mean data for the indi-
vidual intrusions (compare Fig. 5 and append-
ed map).

The mean value for SiO, 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 (SiO,<45 w-%) to acidic
(8i0,>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-
imdki intrusion is rather distinctive with re-
spect to its high FeO  abundances and low
alkali contents.

The correlation matrix (Table 3) shows
some 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 samples 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 SiO, values are more or less
constant for all intrusions. The Saarijdrvi and
Kekonen intrusions have conspicuously high-
er TiO, concentrations and the Kekonen intru-
sion also has elevated P,O, abundances. No
analytical data for phosphorus were available
from the Saarijdrvi intrusions but as noted

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

Normative calculations also reveal that the
Saarijdrvi, Kekonen, Kiiskildankangas and Nii-
niméki 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
clinopyroxene occurs in the Lumpeinen and



Table 2. Averaged chemical compositions of the intrusions in Luonteri-Heiskalanmiki zone. Number of analyses in parentheses.

1 2 3 4 5 6 0 8 9 10 11 12 13 14 15 16 17

w-%
Sio, 53.31 54.15 52.78 53.27 59.12 53.79 55.58 52.71 58.44 51.55 52.07 55.19 5990 54.12 50.71 48.72 50.28
TiO, 1.17 0.78 0.76 1.09 1.05 0.63 1.48 L1 1.00 1.00 1.15 1.33 1.05 1.88 1.47 1.42  0.61
AlLO, 16.66 18.37 12.28 17.64 1558 10.60 17.86 1589 16.38 17.67 17.05 18.52 17.77 16.33 19.29 19.88 12.85
FeO 9.47 8.21 8.55 9.36 7.96 11.63 8.67 10.39 7.59 10.81 10.09 7.35 7.21 9.86 9.73 1046 19.07
MnO 0:.13 0.12 0.13 0.:15 0.11 0:17 0.11 0.15 0.10 0.15 0.15 0.09 0.09 0.13 0.13 0.14 0.16
MgO 8.16 7.06 13.49 6.95 5.21 15.38 4.90 8.82 5.37 8.41 7.80 3.34 3.68 5.40 5.08 6.55 11.18
CaO 7.04 7.47 9.63 8.92 5.69 5.92 6.29 7.59 6.05 6.81 7.83 5.82 5.09 7.23 7L 8.98 4.25
Na,O 2.07 2.21 0.99 1.29 2.82 0.56 2.25 1.91 2.59 1.58 2.06 4.50 3.06 2.37 2.73 2] 023
K,0 1.58 1.46 1.00 1.04 2.10 1.09 2.32 1.13 2.19 1.59 1.42 2.54 1.85 1.96 1.61 1.35 0.73
PO, 0.41 0.17 0.40 0.26 0.36 0.24 0.55 0.29 0.30 0.43 0.39 131 0.29 0.72 0.46 0.38 0.15
ppm
Ni 431 75 2750 20 93 397 55 355 74 80 353 16 35 53 61 97 678
Cr 453 235 858 400 196 1439 160 368 193 305 346 33 102 177 179 286 1668
V(n =97) 210 174 160 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 255 258 150
Zr(n=97) 135 95 89 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 128 318 52
Cu 157 38 961 18 69 137 55 237 26 58 69 16 38 41 39 75 167
Co(n = 115) 26 n.d. n.d. 15 26 36 25 33 21 27 34 16 18 30 n.d. n.d. n.d.
Zn 94 111 93 33 70 27 78 30 54 38 42 72 63 91 152 146 148
S(w-%) 0.31 0.09 1.19 0.04 0.07 0.30 0.17 0.34 0.10 0.22 0.36 0.13 011 0.16 0.15 0.43 0.33
1 = Mean (212) 5 = Kolkanranta (7) 9 = Kololahdenselkd (17) 13 = Siikasaari (6)
2 = Alanen (8) 6 = Virmaanlahti (7) 10 = Vekarainen (10) 14 = Pihlajasalo (14)
3 = Heiskalanmiki (21) 7 = Rietsalo (20) 11 = Siikavesi (16) 15 = Hietajarvi (35)
4 = Syomdjarvi (4) 8 = Rietsalo BH303 (6) 12 = Rantavuori (5) 16 = Rahijdrvi (16)

17 = Niinimiki (19)
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Table 3. Correlation matrix for elements in the Luonteri-Heiskalanmiki zone (n = 212).

Sio, TiO, ALO, FeO,, MnO MgO CaO Na,O K,0 P,O,
Sio, 1.00000
TiO, -0.28030 1.00000
AlLO, -0.09162 0.33072  1.00000
FeO,, -0.70465 0.35774 -0.25504 1.00000
MnO -0.67916 0.15580 -0.31989 0.79549 1.00000
MgO -0.35133 -0.49836 -0.76496 0.40928 0.48801 1.00000
CaO -0.46805 0.18295 0.15715 0.00779 0.26998 -0.10705 1.00000
Na,O 0.35288 0.33196 0.62100 -0.42833 -0.53056 -0.79736 -0.13982 1.00000
K,0 0.38465 0.26306 0.22726 -0.31789 -0.52366 -0.48536 -0.34606 0.43282 1.00000
PO, -0.18406 0.68659 0.10543 0.15332 0.05549 -0.32044 0.19110 0.25225 0.31555 1.00000
Ni -0.09394 -0.12320 -0.31803 0.18638 0.05149 0.26440 0.07201 -0.24807 -0.11449 0.00478
Cr -0.21017 -0.48347 -0.77956 0.37192 0.39075 0.94656 -0.26177 -0.70573 -0.42723 -0.32647
Cu -0.10468 -0.09515 -0.28597 0.13899 0.04761 0.23414 0.14585 -0.23293 -0.13236 0.03714
Zn -0.29754 0.17182  0.12801 0.25274 0.01632 0.06891 -0.16451 0.09731 0.08605 0.04342
S -0.14829 -0.03194 -0.24195 0.22354 0.03391 0.20193 0.06305 -0.17642 -0.01121 0.04528
Ni Cr Cu Zn N
Ni 1.00000
Cr 0.22527 1.00000
Cu 0.94547 0.18483 1.00000
Zn 0.15656 0.08468 0.15130 1.00000
S 0.91646 0.16292 0.86594 0.25769 1.00000

CPX

PLG v OPX OL ' OPX

Fig. 16. Normative mineral compositions for samples from the Luonteri-Heiskalanmiki zone. Norms are molecular (Till, 1977).
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Table 4. Averaged chemical compositions of peridotites. Number of analyses in parentheses.

1 2 3 4 5 6 7 8 9 10
w-%
Sio, 45.23 44.10 44.24 45.42 42.23 43.15 44.17 46.11 45.72 45.74
TiO, 0.23 0.29 0.32 0.30 0.67 0.74 0.75 0.35 0.42 0.39
AlO, 3.65 4.90 4.98 3.04 5.60 6.34 8.27 8.50 4.14 4.23
FeO, . 11.78 14.30 14.85 13.86 15.00 14.60 14.91 12.50 13.83 14.44
MnO 0.18 0.18 0.18 0.19 0.19 1.37 0.20 0.18 0.22 0.22
MgO 33.29 33.21 32.43 32.81 31.57 29.95 25.04 24.84 25.84 26.13
CaO 5.18 2.39 2.47 4.27 3.61 3.84 5.05 5.59 9.38 8.52
Na,O 0.25 0.20 0:22 0.04 0.61 0.82 0.96 0.95 0.25 0.25
K,0 0.16 0.35 0.22 0.04 0.52 0.43 0.50 0.89 0.15 0.07
P,;0 0.04 0.09 0.10 0.02 n.d. n.d. 0.23 0.09 0.03 0.01
ppm
Ni 637 1514 1704 n.d. 650 780 2215 618 397 660
Cr 3531 2908 2743 n.d. n.d. n.d. 1826 1299 1249 568
v 135 73 79 n.d. n.d. n.d. 144 130 221 n.d.
Zr n.d. 28 33 n.d. n.d. n.d. 60 n.d. 13 n.d.
Cu 19 312 415 n.d. 150 65 707 166 147 190
Co 100 n.d. n.d. n.d. n.d. n.d. 159 94 122 148
Zn 109 151 161 n.d. n.d. n.d. 160 67 92 115
S (w-%) 0.11 0.49 0.65 n.d. n.d. n.d. 1.47 0.36 0.44 0.27
1 = Pihlajasalo (15) 4 = Venetekemid (32) 6 = Saarijarvi S (16) 8 = Kiiskilankangas (4)
2 = Niinimiki E (9) (Minttéri, 1988) (Pietikdinen, 1986) 9 = Lumpeinen (16)
3 = Niinimaki W (7) 5 = Saarijarvi N (16) 7 = Kekonen (9) 10 = Turunen (4)

(Pietikdinen, 1986)

Turunen peridotites. The normative mineralo-
CPX gies of the Venetekemi and Pihlajasalo peri-
dotites resemble 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 follows:

Pihlajasalo - lherzolite
Venetekemi - dunite + lherzolite
Saarijdrvi - dunite + lherzolite
Kekonen - lherzolite + harzburgite
Kiiskilankangas - lherzolite
Niinimaki - lherzolite

oL T T T OPX Lumpeinen - lherzolﬁte
Turunen - lherzolite

Fig. 17. Normative mineral compositions for peridotite sam-

ples. K = Kekonen and Kiiskilinkangas, L = Lumpeinen, N = ; i ; ;
Niinimiki, P = Pihlajasalo, S = Saarijirvi, T = Turunen, V = This classification deviates somewhat from

Venetekemi. 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.

Ultramafic volcanics and sills and amphibolites

The averaged chemical data for the ultrama-
fic volcanics, sills and amphibolites are listed
in Table 5. The Pirild 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 SiO;
instead, SiO, values are locally even higher in
some of the other occurrences. Conversely,
abundances of Al,O, and CaO are generally
higher at Pirild than in the other occurrences.

The Pakinmaa, Myllynkyld and Pirild results
have the highest TiO, values, while the high-
est Ni abundances reported for sulfide-poor
lithologies are from Pirild - that is, from the
occurrence having relatively low MgO con-
tents.

The compositions of the chilled 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 sills (1-6) and amphibolites (7)
and analyses for Rantala gabbro. Number of analyses in parentheses.

1 2 3 4 5 6 7 8 9

w-%

Sio, 47.97 46.04 50.32 46.02 50.55 46.96 47.91 47.85 48.97
TiO, 0.49 1.04 0.65 0.96 0.72 0.88 1.16 1.75 1.36
ALO, 7.48 8.67 7.78 9.29 7463 12.66 15.99 15.03 16.27
FeO, 11.43 11.81 10.01 11.98 10.18 12.29 13.17 12.72 13.48
MnO 0.20 0.19 0.16 0.19 0.17 0.20 0.20 0.19 0.20
MgO 21.68 21.26 21.35 23.89 20.53 14.72 7.06 10.52 8.45
CaO 9.59 9.55 8.81 6.63 9.01 10.39 11.57 9.53 9.99
Na,O 0.93 1.17 0.58 0.81 0.62 1.66 2.56 0.53 0.89
K,0 0.19 0.15 0.19 0.12 0.45 0.16 0.26 1.62 0.26
PO, 0.05 0.11 0.14 0.09 0.15 0.09 0.12 0.26 0.11
ppm

Ni 1883 600 120 495 409 751 202 187 204
Cr 1879 1500 2400 2000 2071 1013 234 560 370
A% 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 11 n.d. n.d. 131 106
S(w-%) 1.11 0.02 0.01 0.00 0.17 n.d. n.d. 0.11 0.15

I = Rantala (6)
2 = Myllynkylda (2)
3 = Levdnomainen (1)

5 = Rautjéarvi (7)
6 = Pirilda  (10)
(Viluksela, 1988)

4 = Pakinmaa (2)

7 = Pirild amfibolites
(Viluksela, 1988)

8 = Chilled margin, Rantala, BH363/99.00
9 = Basic dyke, Rantala, BH366/145.80

(15)
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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 Pirild 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 ALO, and Na,O
abundances; this too, is reflected in the nor-
mative proportions of clinopyroxene.

Fig. 18. Normative mineral compositions for samples from
ultramafic volcanics and sills, amphibolites and Rantala gab-
bros.

MINERAL CHEMISTRY

Luonteri-Heiskalanmiki 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-Heiskalanmiki 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 samples an-
alyzed. Hornblendes in comparison have
somewhat higher Ni abundances, namely, 100
ppm, 150 ppm and 170 ppm in the three sam-
ples analyzed. According to Hikli (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-
miki zone are somewhat lower than these
quoted values, although corresponding data
for hornblende compare very favourably. Al-
though both orthopyroxene and hornblende
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are metamorphic in origin, this is not apparent
from the Ni data, since compositions overlap
with those of magmatic orthopyroxenes stud-
ied by Hakli (1971).

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 samples 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 samples studied in the course
of this project is presented in Appendix 2.
According to the study by Hékli (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 chemical compositions of olivine and orthopyroxene in peridotites. Number of samples in
parentheses. Detection limit for Ni, Co and Cu 100 ppm.

Occurrence 1 2 3 - 5 6 7 8 9 10 11
Fo 81.44 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
Niii 800 1040 730 1340 1080 1280 1010 470 240 320 760
ppm (7 9) (6) (10) (32) (24) (4) 4) (2) 47 4
Coys 230 150 280 290 300 260 320 290 360
ppm (1) (2) (4) (3) (2) (1) (1) (8) (4)
Cuyy, 210 130 120 220 170

ppm () (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,,, 240 190 220 270 210 <100 <100

ppm 9) (3) (28) (24) (4) (4) (2)

Co,,y 110 130 150 160

ppm (4) (3) (2) (1)

Cif,,, 200 150 130 180

ppm 9) 3) (2) (7)

1 = Pihlajasalo 4 = Venetekemd (Minttiri, 1988) 7 = Kekonen 10 = Lumpeinen
2 = Niinimdki E 5 = Saarijarvi N 8 = Kiiskilankangas, peridotite 11 = Turunen

3 = Niinimdki W 6 = Saarijarvi S 9 = Kiiskildnkangas, 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 Saarijdrvi and Niinimiki intru-
sions elevated olivine Cu values correlate spa-
tially with high olivine Ni abundances.

Orthopyroxene analyses are available for
samples from the Saarijdarvi, Kekonen, Kiis-
kilinkangas and Niiniméki intrusions. Ensta-
tite contents are higher in the southern part of
the Saarijdrvi 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 part, as was also found
to be the case with olivine.

Pyroxenes contain distinctly less Co than
olivine, which is consistent with the partition
coefficient for cobalt; based on a compilation
of data from the literature (Hanski, 1983),
basaltic compositions have partition coeffi-
cients for cobalt in olivine of 2-5, while for
orthopyroxene corresponding values are only
1-2. Furthermore, it is reasonable to expect
lower concentrations of cobalt in pyroxene
where olivine has crystallized first, since the
Co content of the melt will be already some-
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 spinels were analyzed from the Pih-
lajasalo, Niinimiki, Lumpeinen and Saarijdrvi
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
spinel zonation that might be present. Three
grains from the Lumpeinen intrusion were

nevertheless analyzed at their margins as well
as their centers, revealing somewhat higher
Al, Mg and Zn abundances in the cores and
conversely, higher Fe and V approaching the
margins. Zonation is not usually optically dis-
cernible except in the case of the chrome spi-
nels from the Saarijarvi peridotites, which
commonly display dark brown cores and
greenish rims (Pietikdinen, 1986). Chromite
grains are generally euhedral, although often
somewhat rounded, and in serpentinized rocks
they are often altered along fractures.

Table 7. Averaged chemical compositions of chrome
spinel in different intrusions. Number of samples in
parentheses. Fe,O, and FeO calculated from total
iron content according to Carmichael (1967).

1 2 3 4

w-%

SiO, 0.04 0.05 0.11 0.02
TiO, 0.06 0.55 0.05 0.12
ALO, 33.69 23.19 48.33 39.32
Fe,O, 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,0 n.d. n.d. n.d. n.d.
Cr,0, 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 0.0116 0.1120 0.0079 0.0212
Al 9.6410 7.0250 12.707 10.925
Fe?* 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.
Cx 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 = Saarijdrvi (8), 2 = Lumpeinen (6)
3 = Niinimiki (20), 4 = Pihlajasalo (6)
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When chrome spinels from the Juva district
are compared with chrome spinels in general,
they appear to define their own distinct group
(Fig. 20), characterized by low Mg/(Mg +
Fe?") ratios and relatively high Al abundanc-
es. Compositionally similar chrome spinels
have also been documented from a number of
other mafic and ultramafic intrusions within

the Svecofennian of Finland (Lehto, 1987;
Lamberg, 1990; Peltonen, 1995a), and also
from ultramafic units within the Lapland and
West-Inari granulites (Idman, 1980). Ultra-
mafic cumulates from the Outokumpu assem-
blage also contain some chrome spinels with
low Mg/(Mg + Fe?*) ratios, although in some
cases this may be due to alteration (Vuollo

b
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Fig. 20. Composition of chrome spinel in Juva peridotites compared to that in a wide variety of rocks (a) and
to composition of olivine in equilibrium with chrome spinel when T = 1200° C (b). In (b) the changes in the
composition of chrome spinel due to partial melting of peridotite and fractional crystallization of plagioclase

and olivine are also shown (Dick and Bullen, 1984).

S.E.Alaskan intrusions (Irvine,

1977), 3 = Layered intrusions (Irvine,

I = Alpine-type peridotites (Irvine, 1967), 2 =
1967), 4 = Alpine Alpine-type

peridotites (Dick and Bullen, 1984), 5 = Abyssal peridotites (Irvine, 1967).
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and Piirainen, 1989).

According to Irvine (1965) low Mg/(Mg +
Fe?*) ratios in chrome spinels can result from
progressive equilibration with surrounding Fe-
Mg silicate phases during cooling. Pietikdinen
(1986) considered this to be one possible ex-
planation for the low Mg/(Mg + Fe?*) ratios in
spinels from the Saarijidrvi 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-
miki, Saarijdrvi, Venetekemid and Lumpeinen
peridotites range between 73.87 - 81.44 m-%
(Table 6) and the chrome spinels from the Juva
district follow the compositional lines on the
diagram rather closely. Analytical data fall
between the Fo, and Fo,, lines, which agree
well with the known compositions of olivines
from these intrusions. Therefore, on the basis
of this diagram it seems that the Juva chrome
spinels 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-
flect changing melt compositions due to com-

Table 8. Averaged chemical compositions of apatite
in Saarijdrvi (1 - 3), Lumpeinen (4) and Pihlajasalo
(5) peridotites.

Sample 1 2 3 4 ]
(n=7) (n=8) (n=13) (n=4) (n=4)

P,0, 4246 42.58 4278 42.10  42.08
Ca0 54.27 5490 5467 52.80  54.57
S0 0.49  0.44 0.45 033  0.17
FeO 0.40  0.17 0.17 031  0.46
MnO 0.05  0.07 0.06  0.01  0.07
Si0, 0.56  0.14 0.16 0.08  0.19
La,0, 0.13  0.13 0.13 009  0.04
H,0 .05 1.00 0.92  1.00  0.34
F 120 1.48 139 139 2.8
cl 0.69  0.39 0.86 037  1.43
Sum 10130 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 samples and average
compositions are presented in Table 8. All
analyzed grains were fluorapatite and CI and
F values are highest in the sample from the
Pihlajasalo intrusion. Apatites from peridot-
ites rich in orthopyroxene (Saarijdrvi) have
higher La and Sr concentrations than those
from intrusions 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 metamorphic olivine
from the ultramafic rocks are rather low. In

contrast however, metamorphic olivines have
consistently higher Ni abundances than pri-
mary magmatic olivines (see Table 6). The
only exception to this is the Rantala ultrama-
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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Table 9. Averaged chemical copmpositions of olivine in ultramafic lavas and sills. Number of samples in

parentheses.

Occurrence Rautjérvi Rantala Pakinmaa Myllynkyld Levdnomainen
Fo (m-%) 70.50 (4) 71.49 (6) 75.07 (2) 69.63 (2) 78.27 (1)
Ni,, , (ppm) 1100 (4) 660 (6) 2310 (2) 1880 (2) 2510 (1)
Co,,,, (ppm) 350 (1) 220 (2) 290 (1) 330 (1)

En (m-%) 76.06 (7) 78.98 (3) 79.28 (2) 78.67 (1)
Ni_,, (ppm) 260 (7) 120 (3) 380 (2) 500 (1)

Co,, (ppm) 120 (1) 160 (1) 140 (1)

riched preferentially in sulfide phases during
regional metamorphism whereas at other lo-
calities where sulfur was less abundant, Ni
was mostly incorporated within olivine.
The Fo and Ni contents of metamorphic ol-
ivine in the sulfide-poor occurrences are very
similar to those reported for metamorphic
olivine in the Rantasalmi district by Peltonen
(1990), who concluded that olivine formed
from chlorite-dominated hydrous phyllosili-
cates and also attributed the high Ni contents

in olivine to the relative scarcity of sulfur.

Petrographic observations indicate that the
orthopyroxene is metamorphic rather than pri-
mary in origin and its Ni contents correlate in
a positive manner with those of metamorphic
olivine. That is, metamorphic orthopyroxene
has on average higher Ni abundances than
primary orthopyroxene. The Co abundances in
both olivine and orthopyroxene are very com-
parable with their respective abundances in
the peridotites.

CHEMISTRY OF SULFIDE FRACTION

The compositions of sulfide fractions (SF)
from different intrusions are shown in Table
10. Values have been calculated on the basis of
those samples that contain in excess of 0.1
w-% Ni. The proportion of Ni in silicates has
been calculated according to the amount of
olivine present and its respective Ni concentra-
tion in each case. Sy, has been calculated ac-
cording to the relative proportions of Ni, Cu
and S in the sulfide fractions assuming the
presence of pyrrhotite, pentlandite and chal-
copyrite. The value thus obtained is then used
further in calculating Nig. and Cug. Ratios
shown represent ratios of the arithmetic means.
When examining the Ni/Co ratios it should be
realized that some of the Co might be parti-
tioned into silicate minerals (see Table 6).
Nevertheless, the whole-rock Ni/Co ratio re-
lates effectively to that of pentlandite alone

since this is the principal Co-bearing phase
(see Table 10). Hence the whole-rock Ni/Co
ratio accurately reflects the sulfide-fraction
Ni/Co ratio as well, except in the case of the
Niinimiki intrusion, for which the whole-rock
Ni/Co ratio is clearly lower than that of pent-
landite.

The Ni content of the sulfide fraction (Nig,)
is highest within the Pihlajasalo peridotite,
while the Rantala ultramafic rock and the
nearby Kiiskildnkangas intrusion clearly have
the lowest sulfide-fraction Ni abundances.
The Ni/Co ratio of the Pihlajasalo occurrence
is high while that for Kiiskildnkangas is dis-
tinctly lower than that of the other intrusions.
The Cu/(Cu+Ni) ratio generally seems to in-
crease from the peridotites to gabbros (the
latter being represented by the Heiskalanmiki
and Rietsalo intrusions).



Geological Survey of Finland, Bulletin 386 41
1.9 Ga tholeiitic magmatism and related Ni-Cu deposition in the Juva area, SE Finland

Table 10. Compositions of sulfide fractions in different intrusions.

Occurrence S, Ni, Cu,, Zn, Ni/Co Ni/Cu L2
Cu+Ni
Pihlajasalo 37.87 8.90 0.68 0.34 51.72 13.10 0.07
Niinimdki W 38.00 4.90 1.59 0.07 25.41 3.08 0.25
Niinimiki E 37.89 5.21 2.00 0.14 32.60 2.61 0.28
Venetekemi 36.05 5.69 3.82 21.33 1.49 0.40
Saarijirvi 37.25 6.34 2.26 23.49 2.80 0.26
Kekonen 37.12 6.94 2.57 26.52 2.70 0.27
Kiiskilinkangas 37.97 3.34 1.39 10.59 2.41 0.29
Rantala 37.93 4.21 2.50 1.81 16.85 1.69 0.37
Heiskalanmiki 37.31 7.23 3.34 0.12 33.21 2.17 0.32
Rietsalo 37.70 5.54 5.40 30.82 1.03 0.49

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 well (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.

directly evaluate ore potential, since a sample
containing 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-
kilinkangas 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-

However it is not possible to use Co content to es. At Rietsalo on the other hand, the sulfide

Ni
Cu - - v T T T - T T Co
Ni> 0.1 % Ni< 0.1 %

Fig. 21. Composition of the sulfide fraction in weakly mineralized samples (Ni < 0.1 w-%) and in moderately mineralized samples
(Ni>0.1 w-%).
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Fig. 22. Composition of sulfide fractions in the different occurrences (Ni> 0.1 w-%).

fraction contains abundant Cu.

Each occurrence has its own characteristic
sulfide-fraction Ni abundances, although dif-
ferences only become readily 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 basis of single samples
(Fig. 23).
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Fig. 23. Variation in sulfide-fraction nickel content as a function of whole rock nickel content. NII = Niinimiki,
HEI = Heiskalanmiiki, VEN = Venetekemi, RAN = Rantala, RIE = Rietsalo, KII = Kiiskilinkangas, SAA =
Saarijirvi, PIH = Pihlajasalo, KEK = Kekonen.
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Pyrrhotite and pentlandite

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

According to Ramdohr (1980), when the
iron deficit (Fe, S) increases above the value
0.100, pyrrhotite undergoes a transition from
its hexagonal polymorph to monoclinic form.
Hexagonal pyrrhotite is antiferromagnetic
while monoclinic pyrrhotite is ferromagnetic.
All of the Ni-Cu occurrences in the Juva dis-
trict are associated with prominent magnetic

trusions is monoclinic. This conclusion is also
supported by the results 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 intrusion, which also displays the
highest sulfide-fraction Ni abundances.

The Fe/Ni ratio of pentlandite varies be-
tween 0.802 - 0.971 and the lowest ratio is
present in the Pihlajasalo occurrence. Each

anomalies and therefore it is concluded that
the predominant form of pyrrhotite in the in-

occurrence has its own distinctive pentlandite
Ni/Co ratio, with the Kiiskildnkangas having

Table 11. Averaged chemical compositions of pyrrhotite and pentlandite. x

the iron deficit (Fe, S) in pyrrho-
tite.

PYRRHOTITE
Occurrence Rietsalo Pihlaja- Kekonen Rantala Kiiski- Niini-
salo lank. miki
n 11 5 15 12 10 il
S 39.35 39.41 38.53 39.05 38.70 39.06
Be 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 100.66 100.09 100.31 100.39 100.14 99.92
X 0.120 0.132 0.085 0.106 0.094 0.120
PENTLANDITE
Occurrence Rietsalo Pihlaja- Kekonen Rantala Kiiski- Niini-
salo lank. miki
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
relatively high Co, which is consistent with
these two occurrences being situated quite
close to one another within the same overall

lithological association. The highest As con-
tents in pentlandite are found in the Rietsalo
occurrence, which also contains abundant ar-
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,
gersdorffite and gersdorffite-cobaltite are
present. Ni-Co arsenides have also been re-
ported as accessory phases in many other
Svecofennian Ni-Cu occurrences in Finland
(Papunen, 1980; Grundstrém, 1980; Isohanni,
1985; Isohanni et al., 1985).

la) BH301/37.70, Rietsalo
(Ni_. Fe (As ),(niccolite)

0.99 um)nox 0995001
1b) BH301/37.70, Rietsalo
(Ni(] ‘)lFeO 07C0() (JZ)I OO(ASO SOSO 50
1c) BH301/37.70, Rietsalo
(Ni_ .. Fe _Co As

0.55 0.17

),(gersdorffite)

), (gers.cobaltite)

0. 28)().9h( O.JQSU.SI

Table 12. Chemical compositions of arsenides.

ARSENIDES

Sample la 1b lc 2a 2b 3

n 2 3 1 1 1 2

S 0.23 19.62 20.18 19.90 20.17 17.89
Fe 0.34 245 5.73 0.56 4.99 5.91
Ni 43.07 32.20 18.97 3496 10.42 16.26
Cu 0.06 0.02 0.00 0.06 0.16 0.03
Co 0.04 0.79 9.83 0.71 19.40 13.46
As 56.21 45.36 45.59 4493 46.49 47.54
Sum 99.98 100.44 100.30 101.12 101.63 101.09

2a) BH311/28.80, Pihlajasalo

(N i() ‘)6FCO OZCOU.OZ)I OI(ASO 4950 SI)Z (gerSdorffile)

2b) BH311/28.80, Pihlajasalo
(Ni, j,Fe, ,Coy ) os(AS, S, 50), (gers.cobaltite)

0.30 0.14

3) BH360/24.30, Rantala

(Nlﬂ QSFeO 17C00.JH)l‘()3(As().53s()‘47)2(gers'CObal[ite)

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 samples 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 fall within the MORB and calc-
alkaline fields. In other words, PGE charac-
teristics reflect the basaltic character of the
silicate melt (Figs. 24 and 25).

10000

concentration in 100%
1000 1 sulfides/C1 chondrite

100 +

101

Os Ir Ru Rh Pt Pd Au

Fig. 24. Chondrite normalized (Barnes et al., 1985) metal
patterns for samples from the Rietsalo gabbro.



Geological Survey of Finland, Bulletin 386 45

1.9 Ga tholeiitic magmatism and related Ni-Cu deposition in the Juva area, SE Finland

Fig. 25. Pd/Ir versus Ni/
Cu diagram for samples

from the Rietsalo gab-
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bro. Fields for the dif-
ferent rock types after
Barnes et al. (1993).

MAGNESIUM CONTENT OF THE SILICATE MELT

Methods for determining

Petrographic studies indicate that in many
instances the rocks examined represent cumu-
lates and therefore formed by fractional crys-
tallization processes. That being the case, the
present compositions of such rocks does not
correspond to that of the primary silicate melt
from which they differentiated.

If it were possible to systematically sample
a whole intrusion, the weighted mean could be
used to approximate the overall bulk compo-
sition of the original melt, assuming that crys-
tallization took place in situ, with no loss or
replenishment of material. The chilled mar-
gins of intrusions where present have tradi-
tionally been regarded as representative of the
primary melt composition, although the ef-
fects of possible wall rock contamination
should be kept in mind.

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

estimates of the whole-rock silicate melt com-
position. If for some reason however it is not
possible to use this approach, partial informa-
tion concerning the melt composition can be
obtained by determining the Mg/Fe cation ra-
tio.

The Mg/Fe cation ratio of a silicate melt can
be determined from the earliest cumulus min-
eral phases using the following relation
(Roeder and Emslie, 1970):

N (MgO/FeO), )
° (MgO/FeO), . .

According to the experimental studies by
Roeder and Emslie (1970) K is 0.30 for ol-
ivine and 0.23 for orthopyroxene and is inde-
pendent of temperature. Subsequent refine-
ments have led to a revised K for olivine of
0.30-0.36 (Roeder, 1974; Duke, 1976; Longhi
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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, chilled
margins and spinifex-textured zones in
komatiites and picrites. Although such com-
parative 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__) 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-

TOT

logMgO, , =

_ logFo - 10g(252.7833 - 0.7825Fo)

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

MgO
MgO

3252

oL

- 1.460 2)

log

LIQ

(T =°K), (MgO = w-%)

=regression line equation, r = 0.77, calcu-
lated from Table 1 in Roeder, 1974).

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

- 1000
~ 0.8100 - 0.1660logMgO, ,

T (39

(= regression line equation, r = 0.94, calcu-
lated from Table 1 in Roeder, 1974)

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

logMgO,, = 0.4602logMgOUQ+ 1.174 (4)
from which

logMgO_

10gMgOue = =4 4602

- 2.551 (5)

By using the additional relation:

10000 - 174.5285MgO,,
100 + 0.7825483MgO,,

Fo = 100 -

(6)

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

0.4602

# 1.795 (7)

and the En content (m-%) of orthopyroxene (K, = 0.23) according to:
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logEn - 10g(36268.9182 - 188.1602En)

By = 0.4602

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, =0.33)
we obtain the following relation:

0.9554
100 - 0.67Fo

0.2588

9)

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

1

Mg #

0.8+

y = 0.3454x~0.2588

r = 0.98

0.6+

0.4+

0.2 f y

0 10 20 30 40
MgO (w—%)

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

+ 6.1409 (8)

correlation between the calculated Mg number
and MgO abundance for the above rock com-
position using both Equation 7 and an as-
sumed FeO content of 13 w-%. The compo-
sitions of the amphibolites and the Rantala
intrusion correspond rather well 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),,.,,
(MgO/FeO),,

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 # eq. (7)
><x><><>‘x><
| P xxx’ﬂxxxxxx
Fe0=13.0 w—%
0.6+
0.4+
0.2 + -
0 10 20 30 40

MgO (w—%)

Fig. 27. Correlation between Mg-number and MgO content
calculated from Equation (7) compared to that for Pirild volcan-
ics (dots) as well as Rantala chilled margin and basic dyke
(squares). The correlation calculated on the basis of 13 w-%
FeO,, is also shown.
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sitions. 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.

Luonteri-Heiskalanmiki zone

Neither primary cumulus minerals nor
chilled margins have been recognized within
intrusions of the Luonteri-Heiskalanméki
zone, so that primary magmatic compositions
can only be deduced using bulk rock chemis-
try. The intrusions are however, rather well
exposed and a comprehensive range of sam-
ples have been analyzed. Therefore, the mean
chemical data 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 samples plot on the low-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

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

The MgO/FeO ratios of Fe-Mg minerals in
equilibrium with the silicate melt have been
calculated using the FeO/TiO, - MgO/TiO,
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 follows:

MgO(m-%)
FeO(m-%)
100MgO(m-%)
Fo,En =
MgO(m-%) + FeO(m-%)
150 — ;
MgO/TiO, |

MgO/FeO = 3.570

100

—r T T T 1
0 10 20 30 40 S0

FeO/TiO,

Fig. 28. a) Mg-number versus MgO diagram for samples from the Luonteri-Heiskalanmiki zone. Curves for Equation (7) and (9)
are also shown as in similar plots later. b) Molar ratio diagram for determining the MgO/FeO ratio of the silicate melt in the Luonteri-

Heiskalanmiki zone.
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b
100 ——
1+b

= Fo,En =

The Fo abundance calculated 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

MgO/FeO = 3.584

2 s
FeO/TIO,

of the magma is calculated to be 6.86 w-%.
On the molar ratio diagram samples 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 samples 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
Heiskalanmiki intrusion is 9.36 w-%.

2:8 1
MgO/Al, O, |
MgO/FeO = 4.651
2.0
1.5
1.0
8.5 — —T T —— —
0.25 0.30 0.35 0.40 0.48
FeO/Al,04

Fig. 29. Molar 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 contain primary olivine. Therefore, in
contrast to the gabbroic cumulates, which
formed via fractional crystallization, 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 forsterite contents from the molar
ratio diagrams for the various intrusions are
all mutually comparable, with the biggest var-
iations being recorded by the Kiiskildnkangas
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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. Analyzed (FoMAx) and calculated (Fo
Fo ) Fo-contents (m-%) in peridotites.

CALC

CIPW
Occurrence 21 T FOuia Fo . pw
Pihlajasalo 84.63 85.77 84.24
Niinimidki E 82.11 84.24 82.54
Niinimiki W 80.32 80.64 81.74
Venetekemi 81.70 81.77 81.64
Kiiskilinkangas 80.27 82.10 79.22
Saarijarvi N 79.45 79.28 81.85
Saarijarvi S 78.66 79.91 79.23
Lumpeinen 77.95 78.10 81.45
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 basis of Fo contents.

Occurrence Fo Mg#, o MgO,,,

(m-%) (w-%)
Pihlajasalo 84.63 0.645 1 8% 7
Niinimiki E 82.11 0.602 10.25
Niinimiki W 80.32 0.574 9.61
Venetekemi 81.70 0.596 10.10
Kiiskilinkangas 80.27 0.573 9.59
Saarijdarvi N 79.45 0.561 9.31
Saarijarvi 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 samples analyzed.
Those olivines that were richest in forsterite
were not analyzed. In many cases the norma-
tive 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 1 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. 31a), variations in parent
magma compositions and degrees of fraction-
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ation become apparent. Analytical data for
almost all peridotites define horizontal trends
at a given Mg-number which in each case
corresponds to respective maximum analyzed
forsterite contents.

The horizontal part of these trends lie to the
right hand side of the curve for spinifex-tex-

tured rocks, indicating that the peridotites
have been strongly enriched in Mg-rich cumu-
lus minerals with respect to the residual melt.
The Pihlajasalo and Kiiskildnkangas samples
deviate least from this trend, while the Keko-
nen peridotites broadly follow the trend, even
though they are displaced to the right of it. It
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Fig.31. Diagrams describing the composition of parent magmas in peridotites. Associated gabbros (MgO < 16 w-%) are also shown.
Tholeiitic (TH) and calc-alkaline (CA) fields on the AFM diagram after Irvine and Baragar (1971), as in all AFM-diagrams in this
work. MgOLu| = MgO content of silicate melt calculated on the basis of MgO/FeO ratio (K= 0.33). Symbols as in Figure 17.
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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 cumulus minerals than did the other
peridotites. In the Kekonen and Kiiskildnkan-
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
cumulates and contain no gabbros.

The A1,0,/TiO, 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, while 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 Al, the AL,O,/TiO, ratio of the the oli-
vine-rich cumulates effectively represents the
Al,0,/TiO, ratio of the parent magma as a
whole. Figure 31c presents Al1,0,/TiO, for the
peridotites. For those samples richest in oli-
vine (with MgO> 30w-%) it is typically
around 10, except for the somewhat higher
values for samples from the Pihlajasalo and
Niiniméki peridotites. On the basis of their
Al,0,/TiO, 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 Niinimiki and Kekonen peridot-
ites are significantly higher (Fig. 31d). 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
(Winke et al., 1974), so that of the Lumpeinen
and Pihlajasalo peridotites is near chondritic
and deviates markedly from tholeiitic values,
this being however a consequence of pyroxene
crystallization. The D values of both orthopy-
roxene and clinopyroxene 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
31b). 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 samples 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

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

basis of the following analysis it is however,
apparent that the MgO content of the parent
magma to the ultramafic rocks was consider-
ably less than that of the analyzed samples.

The ultramafic rocks do not contain any
primary olivine or orthopyroxene and there-
fore estimates of the Mg/Fe ratio of the mag-
ma must 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 samples is suffi-
ciently high as to allow calculation of a for-
sterite composition of 77.34 m-% (Fig. 32,
mean).

On the Mg# - MgO diagrams the Pirild ul-
tramafic rocks and amphibolites plot close to
the curve for spinifex-textures rocks, whereas
those samples 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 Rautjédrvi 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 Rautjdrvi samples have been calculated
directly from the molar ratio data but because
of the small number of analyses available for
the other occurences it has also been necessary
to use CIPW normative forsterite contents.

The MgO contents of the chilled 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-
lyzed MgO contents and is approximately the
same as that of the peridotites. The A1,0,/TiO,
ratios of many of the ultramafic units, as well
as that of the Rantala gabbros is close to 10,
which is also comparable with the peridotite
values (Fig. 33c). This too indicates a common



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

Mg#

0.2+

404
Al,0,/TiO, |

30 o

S
0 10 20 30 40

MgO wW-%

FeO TOT

Na, O+K,0 MgO
50
TV
4 a
B =}
40
1 o
1 *
30 -
4 o
1 LS 4a
1 a
ZGj & &
b (=]
4 4o a -
1 o
10 ° o a *
T A
J
J
J
ot+——"—"T"——"—"TF T
0 10 20 30 40
MgO w-%

Fig.33. Diagrams describing the composition of parent magmas in ultramafic volcanics and sills, amphibolites and Rantala gabbro.

Symbols as in Figure 18.

tholeiitic parent magma. The low Ti/V ratio of
the Rantala ultramafic rocks, which is also
similar to that of the peridotites, furthermore
suggests that the former crystallized via the
same kind of fractionation processes as the
peridotites. The Pirild samples that are richest
in MgO were not analyzed for V although 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 abundances of the
ultramafic volcanics compared to those of the
parent magma be explained? One plausible
interpretation is that crystallization took place
along the walls of feeder channels prior to
intrusion or eruption. In this case olivine ac-
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Table 15. MgO contents for the parent magmas in ultra-
mafic volcanics and sills calculated on the basis of
Fo contents.

Occurrence Focpyw  Foca e Mg# . MgO

(w-%)
Pirild 79.52 0.562 9.34
Rantala 83.80 77.34  0.530 8.62
Rautjiarvi 81.20 78.00  0.539 8.83
Myllynkyld 77.34 0.530 8.62
Pakinmaa 79.41 0.560 9.30
Levdnomainen 79.40 0.560 9.30

cumulation could have led to the intrusion of
olivine-enriched sills or eruption of olivine-
rich lavas. If for instance, 20 w-% of olivine
Fo,, were added to a magma with an original
MgO content of 11 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

GEOTECTONIC SETTING

The geotectonic setting of the magmas has
been inferred from the discrimination dia-
grams presented in Figures 34a-j. Although
these diagrams were originally devised for
volcanic rocks that are assumed to have under-
gone relatively limited fractional crystalliza-
tion, they can nevertheless be extended with
some confidence to discrimination between
different kinds of cumulate compositions.

On the MgO/10 - CaO/AlLO, - Si0,/100 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/10 - CaO/Al, 0, side of the
diagram; this is attributed to relative varia-
tions in the abundances of clinopyroxene and
orthopyroxene. Some of the Pirild amphibo-

and amphibolites plot clearly 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 samples tend to generally plot as Mg-
tholeiites. Both Kousa (1985) and Viluksela
(1988) classsified 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 (including the gabbro-peri-
dotite intrusions and ultramafic sills and vol-
canics) overlap with those of the amphibo-
lites, whilst the composition of the chilled
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.

OF MAGMATIC ROCKS

lites have slightly higher CaO/Al,0, ratios
than those of unaltered magmatic rocks. Meta-
somatic changes are indicated for rocks of the
Luonteri-Heiskalanmiki zone, based on the
molar ratio diagrams (Fig. 36) and this prob-
ably accounts for their relatively broad scatter
on the discrimination diagrams in Figure 34.

On the MgO-Fe,O,, . diagram (Fig. 34b),
both the Pirild amphibolites and the Rantala
mafic dyke and chilled margin follow frac-
tionation trends for oceanic and continental
tholeiites, whereas the gabbros of the Luon-
teri-Heiskalanmiki zone lie along island-arc
tholeiitic trends. On the MgO - FeO_,. -
Al,0, triangular plot (Fig. 34c), the gabbros
mostly fall within the ocean ridge or floor and
orogenic fields, the latter being represented in
particular by the more felsic differentiates of
the Luonteri-Heiskalanmiki zone. Most sam-
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andesites, N-MORB (normal) and E-MORB (enriched) after Gill (1981).
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ples lie within the MORB field on the FeO/
MgO - TiO, diagram (Fig. 34d), while on the
Ti/Zr - A1,0,/TiO, diagram (Fig. 34e), data
fall within both the MORB + komatiite and
island arc fields. Nevertheless, almost all of
the samples that are considered to be most
representative of primary melt compositions,
namely the amphibolites and rapidly chilled
marginal phases of the Rantala intrusion, plot
within the MORB + komatiite field. The V/
(Ti/1000) diagram effectively discriminates
between island arc volcanics and ocean floor
basalts (Fig. 34f) and shows that in the
present case, most gabbro samples fall within
the ocean floor field, with a tendency for the
peridotites to plot within the island arc vol-
canic 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), samples best approximating primary
melt compositions tend to fall within the
MORB field, while other samples lie typically
within the island arc volcanic field. However,
the MgO-rich cumulates, which are character-
ized by low Ti and Zr abundances, fall outside
the island arc volcanic field, thus indicating
that at least some of the other samples only
plot as arc volcanics because of magmatic dif-
ferentiation processes. The gabbros that have
MgO contents overlapping with those of the
amphibolites are nevertheless typically richer
in Zr than the amphibolites and thus still plot
within the island arc field. Whether or not this
relative enrichment in Zr can be attributed to
crustal contamination, is a problem that will
be addressed later. There is a lack of suitable
and abundant data for plotting on MORB type
discrimination diagrams although the Nb - Zr
and La - Ba plots (Figs. 34 i and j) suggest that
in most cases the rocks analyzed can be clas-
sified as either T-MORB or E-MORB. The
samples corresponding to primary melt com-
positions also fall generally within the MORB
field, whereas the cumulates plot in the oro-
genic andesite field.

In conclusion, the discrimination diagrams

indicate that the rocks investigated have both
MORB (E- and T-types) and IAB characteris-
tics. Magmatic differentiation processes have
nevertheless led to dispersion of data such
that more analyses plot within the TAB field
than would be expected from the unfraction-
ated compositions. Even though magmas are
thus best classified as E-type and T-type
MORB, it is still not possible to draw defin-
itive conclusions about geotectonic setting
since these rock types are found in diverse
environments, such as elevated ocean ridge
segments (Wood et al., 1979), seamounts
(Taras and Hart, 1987), passive margins (Fo-
dor and Vetter, 1984), back arc basins (Marsh
et al., 1980; Saunders and Tarney, 1984;
Volpe et al., 1988) and intraplate continental
flood basalts (Ewart et al., 1989). Lawrie
(1992) concluded that the metatholeiites of
the Virtasalmi area, which lies immediately to
the west of the Juva district, were formed in
a passive plate margin setting.

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

a) those corresponding to primary melt
compositions (amphibolites and the rapidly
chilled marginal phases of the Rantala gabb-
roic intrusion);

b) ultramafic sills and lavas;

¢) gabbros, and

d) peridotites.

All of these display elevated Rb and Ba
abundances, which is a characteristic feature
of 1.9 Ga Svecofennian basalts (Ekdahl, 1993;
Lahtinen, 1994; Kdhkonen and Nironen, 1994;
Viluksela, 1994) as well as within ultramafic
intrusions of similar age (Peltonen, 1995b). A
wide variety of modern basalts are also en-
riched in these elements, including island arc
tholeiites, within plate basalts (such as E-
MORB) and both oceanic and continental
calc-alkaline basalts (Pearce, 1983; Pearce et
al., 1984); it is accordingly 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 sills and lavas; ¢) 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 minerals.
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-Heiskalanmiki 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 alone; 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 silicate melt
for the Luonteri-Heiskalanmiki zone. On the
AFM diagram, samples containing this
amount of MgO plot close to the culmination
of the cluster of data points; analyses plotting
between here and the MgO apex thus repre-
sent MgO-rich cumulates, while those trend-
ing towards the alkali corner represent resid-
ual melts containing late-stage plagioclase
and quartz. It is also noteworthy that this
residual melt is actually calc-alkaline in char-
acter, which could be a result of contamina-
tion by country rock sediments, or else addi-
tion of alkali elements during metamorphism.

Molar ratio diagrams based on the theory of
Pearce (1968) show that the crystallizing Mg-
rich mineral has been orthopyroxene. Another
fractionation trend can be identified on the
same diagram as a nearly vertical line corre-
sponding to an (FeO+MgO)/SiO, ratio of
around zero and representing the crystalliza-
tion of plagioclase and quartz.

It is also evident from the CMA diagram
that the Mg-rich cumulus mineral has been
orthopyroxene rather than clinopyroxene
since if significant amounts of clinopyroxene
had existed, the data points would be located
closer to the CaO apex. There is also a marked
change in the trend appproaching the Al,O,
apex, which is attributed to the onset of exten-
sive plagioclase crystallization.

Differentiation processes are also well dis-
played on the MgO-DI diagram. The orthopy-
roxene cumulates define their own trend
which intersects the trend of the more felsic
differentiates along the MgO axis at a value of
around 6 w-%, which is close 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
also consistent with the absence of chromite
from the gabbros. This also indicates that the
crystallization of pyroxene was dominant
since no such correlation would be expected if
olivine had been crystallizing, Cr being less
readily incorporated into the olivine lattice.

Some samples do however show normative
olivine. The diagram (plagioclase) - (clinopy-
roxene) - (orthopyroxene + 4 x quartz) repre-
sents the basalt tetrahedron (plagioclase) -
(clinopyroxene) - (orthopyroxene) plane, onto
which the olivine-bearing samples have been
projected. The boundary lines on the diagram
have been drawn from the liquidus curves
compiled 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 likely given the small 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 crystallization history of
the Luonteri-Heiskalanméki zone can be sum-
marized as follows. 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-Heiskalanmiki zone. FM = FeO

+MgO:; cpx =

TOT

clinopyroxene, opx = orthopyroxene, ol = olivine; DI = differentiation index (Till, 1977).
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CPX

PLG OPX+4QZ

stages of crystallization were dominated by
the formation of orthopyroxene. The intru-
sions in the northern part of the zone tend to
have the cumulates richer in Mg, with values
locally exceeding 18 w-% MgO. With contin-
ued crystallization, the Mg and Fe contents of
the remaining melt fell to levels where plagi-
oclase and quartz were the main phases to
crystallize, with the MgO content of the most
felsic differentiates being less than 2 w-%.

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

Peridotites

The molar ratio diagrams in Figure 38 show
that the predominant Mg-Fe-bearing cumulus
phase in the peridotites was olivine, except in
the case of Lumpeinen, where pyroxene was
also crystallizing in notable amounts. The di-
agrams do not show very much scatter, indi-
cating that chemical compositions have not
been significantly affected by post-magmatic
processes.

Crystallization trends subsequent to olivine
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crystallization have been deduced from the
basalt tetrahedron (plagioclase) - (clinopyrox-
ene) - (orthopyroxene + 4 x quartz) plane
(Fig. 39a). Clinopyroxene and orthopyroxene
crystallization took place at the Lumpeinen,
Turunen, Venetekeméd and Pihlajasalo occur-
rences, in contrast to the crystallization of or-
thopyroxene and plagioclase in the Niinimiki,
Saarijiarvi, Kekonen and Kiiskilinkangas in-
trusions. Differences in respective normative
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Fig. 38. Molar ratio diagrams indicating crystallizing phases in peridotites. FM = FeO, .+ MgO. Symbols as in Figure 17.
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Fig. 39. Peridotite samples and samples of associated gabbros on the plagioclase-clinopyroxene-orthopyroxene+4xquartz
projection of basalt tetrahedron (a) and on CMA diagram (b). Liquidus curves after Irvine (1970). Symbols as in Figure 17.

mineral compositions are also consistent with
modal mineralogy. Only the Saarijarvi, Keko-
nen and Kiiskildnkangas peridotites contain
intercumulus plagioclase. These conclusions
can also be made from inspection of the CMA
diagram (Fig. 39b). Those peridotites with
abundant clinopyroxene show increasing Ca/
Al ratios with decreasing Mg abundances,
whereas the converse applies to those rich in
orthopyroxene. Gabbros from the Luonteri-
Heiskalanmiki 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-
lajasalo, Niinimidki and Saarijdrvi intrusions,
but continuous compositional variations are
observed for the Kekonen and Kiiskildankangas
intrusions.

Mikinen (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 intrusions being re-
garded as derived from a deeper level primary
magma than the Vammala magmas. Melting at
deeper levels would be more extensive and
result in a magma 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/Al,0O, 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, because 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 olivine frac-
tionation trends while the amphibolites reflect
crystallization of clinopyroxene (Fig. 40). On
the basis of the (plagioclase) - (clinopyroxene)
- (orthopyroxene + 4 x quartz) projection, the
ultramafic rocks crystallized orthopyroxene
and clinopyroxene after olivine. Only the Pirild
ultramafic rocks plot partly within the plagi-
oclase field, while the Pirild amphibolites and
the gabbros of the Rantala intrusion fall within
both the plagioclase and clinopyroxene fields.
The chilled margin of the Rantala gabbro and
the Rantala mafic dyke have compositions
within the orthopyroxene field, according to
which the crystallization sequence should have
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been olivine - orthopyroxene - (clinopyroxene)
- plagioclase (Fig. 41a).

In comparison to the peridotites, the ultra-
mafic volcanics and sills lie closer to the lig-
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 Pirild amphi-
bolites deviate somewhat from this trend be-
cause of their higher CaO/Al O, ratios (Fig.
41b).
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Fig. 40. Molar ratio diagrams indicating crystallizing phases in ultramafic volcanics and sills, amphibolites and Rantala gabbros.
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Fig. 41. Samples of ultramafic volcanics and sills, amphibolites and Rantala gabbros on the plagioclase-clinopyroxene-
orthopyroxene+4xquartz projection of basalt tetrahedron (a) and on CMA diagram (b). Liquidus curves after Irvine (1970).
Symbols as in Figure 40.

REE INVESTIGATIONS

Rare earth elements have been analyzed for Rietsalo gabbro. As MgO contents increase
37 samples (App. 3) and chondrite-normalized from 5.25 w-% to 11.47 w-%, La_ decreases
results overall resemble those of continental,
island arc, plate margin tholeiites and tholei- 1000
itic intrusions (Fig. 42). The intrusions of the
Juva district deviate from N-type MORB in REEcN
having higher LREE abundances and general-
ly falling or slightly increasing LREE trends.

There are nevertheless similarities with E- 100
type and transitional MORB.
Fractional crystallization results in up to
ten times difference in REE abundances be- .
tween the more felsic and mafic differentiates 15

(Fig. 43), which should be kept in mind when
comparing REE data from different occur-
rences. Figure 44 compares stratigraphic var-
iations in REE abundances throughout the

Fig. 42 (on the right). Chondrite normalized REE patterns for
the mafic and ultramafic rocks of the Juva area. Chondritic REE
concentrations after Boynton (1984) as elsewhere in this work.
For comparison REE patterns for tholeiitic intrusions (between
the thick lines) and continental, island arc and back arc basin

tholeiites (stippled area) are shown (Cullers and Graf, 1984, 0.1 —————t—t———————————+——+——
Figures 7.7 and 7.8). La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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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_/Sm_ and La_/ dances and chondrite-normalized La/Sm and

Lu_ ratios remain almost constant. The sam-  La/Lu ratios that are probably a result of con-
ple from a depth of 98 m represents the mar-  tact contamination processes.
ginal phase of the intrusion about 9 m from Comparison of REE data from different in-

the contact with the country-rock gneisses. trusions reveals the following features:
The results clearly show elevated La abun- 1) gabbros tend to have higher REE abun-
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Pihlajasalo, Niiniméki gabbro
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dances 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 abundances and a falling
trend. In contrast, the Vammala-type samples
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 MDI 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?* mobility during the serpentini-
zation process itself (Sun and Nesbitt, 1978),
especially since the anomalous values are es-
sentially restricted to the serpentinized lithol-
ogies.

Sm-Nd INVESTIGATIONS

Seven of the samples were analyzed for Sm
and Nd isotopic ratios at the Geological Sur-
vey of Finland Isotope Laboratory (Table 16).
Two samples of Kotalahti-type peridotite
were selected (Saarijarvi BH361/170.05 and
Niinimidki BH344/177.10), as were three
Vammala-type peridotites (Turunen BHI13/
54.25, Lumpeinen BH374/142.35 and Pihla-
jasalo BH307/61.50), of which the Pihlajasalo
sample has a chemistry transitional between
the Vammala and Kotalahti types, and finally,

Table 16. Isotope compositions for samarium and neodymium.

a sample from an ultramafic sill (Rantala
BH366/56.70) and a gabbro (Rietsalo BH303/
84.10).

Nd-epsilon values 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
€,,(1.88Ga) are between 0.4-2.4, with the val-
ues for Vammala-type intrusions being higher
than those for the Kotalahti-type intrusions.
All samples however have € (1.88Ga) values

Sample Sm Nd 47Sm/'*Nd "Nd/'"*Nd Eia T(DM)
ppm ppm (+20m) (1880 Ma) Ma

BH361/170.05 prd(k) 337 15.82 0.1289 0.511823x10 0.4+0.3 2193
BH344/177.10 prd(k) 0.56 3.12 0.1091 0.511609x14 1.0+£0.4 2088
BH307/61.50 prd(v) 0.68 3.01 0.1374 0.511968+13 1.2+0.4 2145
BH374/142.35 prd(v) 0.89 2.62 0.2058 0.512825+16 1.4+0.5

BH13/54.25 prd(v) 1.92 671 0.1733 0.512472%10 2.4+0.4

BH366/56.70 umaf 1.20 4.60 0.1574 0.512252+28 1.940.7 2146
BH303/84.10 gb 4.27 20.89 0.1235 0.511816%8 1.6+0.3 2072

Error in "Sm/'*Nd is 0.4%. '"*Nd/'*Nd ratio is normalized to "“*Nd/'*Nd = 0.7219. Average value for LaJolla
standard was 0.51185+1(SD,N = 11). T(DM) is calculated according to DePaolo (1981). prd(k) = Kotalahti
type peridotite, prd(v) = Vammala type peridotite, umaf = ultramafic sill, gb = gabbro.
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Fig. 46. Samples from Juva plotted on ¢  (T)-T diagram compared to other Svecofennian gabbros in Finland (Huhma, 1986;
Patchett and Kouvo, 1986), Cape Smith (Hegner and Bevier, 1991) and Pechenga (Hanski, 1993). Depleted mantle field after
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Fig. 47. '"“Nd/'*Nd versus 'YSm/'"*Nd diagram for samples
from Juva (dots), Kalevian and Svecofennian metasediments
(crosses, Huhma, 1987) and Archean metasediments and gran-
itoids (ticks, Huhma, 1987).

lower than the depleted mantle figure of 3.74
(calculated according to DePaolo, 1981), in-
dicating either derivation from heterogeneous
mantle or variable contamination of magma
derivated from depleted mantle with crustal
material (Fig. 46).

When the data are plotted on a '**Nd/'*Nd
versus '“7Sm/'**Nd diagram they define an ar-
ray providing an initial 'Nd/'*Nd ratio of
0.51019 and a magmatic age estimate of
1.970+133 Ma. The large scatter and high
MSWD value of 10.3 nevertheless indicates
that they form a heterogeneous population and
little significance should be attached to the
result. Although the data make reliable con-
clusions difficult, the Rantala ultramafic sam-
ple (BH366/56.70) nevertheless plots within
the array and indicates that it does not belong
to a separate magmatic event or source. The
Kotalahti-type peridotite samples plot at the
lower end of the array, while the Vammala-
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type samples plot at the upper end, thereby
indicating that the Kotalahti-type samples had
a lower initial Sm/Nd ratio than the Vammala-
type samples. This difference cannot be ex-
plained by variations in the relative propor-
tions of clinopyroxene and orthopyroxene
since both minerals have relatively uniform
D, /D, ratios of around 1.6. The abundance
of plagioclase is higher in the Kotalahti-type
rocks and because plagioclase has a D, /D,
ratio of around 1, addition of plagioclase will
tend to lower the whole-rock Sm/Nd ratio of

the peridotite. Increasing apatite abundance
(Dg, /Dy, = 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 samples, the array would become steeper
and the initial "*Nd/'**Nd 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 well hosting in general ore
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,
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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 the different
CaO/Al O, ratios reflect differences in melt
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Fig. 48. CaO content in olivine of Kotalahti type (Niinimiki, Saarijarvi) and Vammala type (Lumpeinen, Pihlajasalo).

Detection limit for CaO is 0.0060 w-%.
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composition rather than post-crystallization
alteration (Fig. 48). It should be kept in mind
however, that olivine CaO abundances are
rather close to the analytical detection limit of
the microprobe.

The chilled margin of the Rantala gabbro,
together with the nearby mafic dyke and Pirild
amphibolites most closely approximate the
parent magma composition of the intrusions
studied. All of these samples 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
chilled 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 Pirild 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 1

REE (cn) 100.00 1

10.00 f—————————+

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/AlO, 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
well 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;

la Ce Pr Nd

+ + + + ={

Sm Eu Gd T Dy Ho Er Tm Yb Lu

Fig. 49. Chondrite normalized REE pattern for upper crust. PAAS = Post-Archean average Australian
shale (Nance and Taylor, 1976), NASC = 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/Al,O,
ratios of the Vammala-type and Kotalahti-
type intrusions since the CaO/Al,O, 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 (> 10 kbar) pressures, clinopyroxene
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 (El-
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/AlO, 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
1 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
olivine and orthopyroxene is, according to
many studies, less than unity (data compila-
tion by Hanski, 1983). With the same degree
of crystallization the CaO/AlO, ratio of the
magma changes radically from 0.72 to 0.10
(with clinopyroxene CaO/Al,O, ratio of 10).
Even at a degree of crystallization of 0.9 the
CaO/Al, 0O, ratio decreases from 0.72 to 0.60,
which compares closely with the CaO/Al,O,
ratios of 0.61 and 0.63 for the Rantala chilled
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. 4la), whereas the Pirild
amphibolites (CaO/Al,O, ratio of 0.72) fall
within the clinopyroxene or plagioclase field.
Therefore, even a small degree of clinopyrox-
ene fractionation can shift the CaO/Al,O, 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 Zr diagram for samples from the Niinimaki
intrusion. Curve A indicates the compositions of Vammala type
peridotites and Pirild amphibolites (cf. Fig. 65).
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Fig. 51. Mineral composition for Kotalahti and Vammala types as a function of degree of crystallization (F"). ol = olivine, opx =
orthopyroxene, cpx = clinopyroxene, plg = plagioclase, ap = apatite, liq = intercumulus liquid.

dances between the Vammala and Kotalahti
intrusive types more effectively, while the
different CaO/Al,O, ratios are consistent with
either interpretation.

Clear evidence for contamination by crustal
material is provided by comparative Zr abun-
dances in gabbros and peridotites. An exam-
ple of this is the Niiniméki intrusion, in which
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. If the high Zr content of the peridotite
had been inherited from the source, then a
gabbroic differentiate should have even more
enrichment in Zr. This is not the case at Nii-
nimidki, where the peridotites can actually
have more Zr than the gabbro (Fig. 50), 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 and Vammala-
type magmas. Contamination is nevertheless
regarded as a more probable explanation
since 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 cumulate derivatives will be com-
pared with the obtained analytical data. Major
element data will be evaluated using the CaO/
Al,O, 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 Koivumaa, 1983). The mean
composition of the Pirild 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, Al and Zr com-
positions of schollen migmatites from the Ko-
talahti Ni-belt (n = 72, Mikinen, 1995). The
chosen compositions also closely resemble
the mean values for Upper Kalevian sedi-
ments (Asko Kontinen, personal communica-
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 plagioclase exceeds 10% at an early stage
of crystallization. In most cases however,
peridotite samples are devoid of plagioclase
since it has typically been consumed by reac-
tion with olivine or affected by uralitization.
The partition coefficients used (principally
after Bedard, 1994, Table 1) are

La Sm Zr
olivine 0.00044(1) 0.00018(1) 0.003(2)
orthopyroxene 0.016(3) 0.0.054(3) 0.16(3)
clinopyroxene 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)

1) 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 well 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/Al, O, 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/Al,0, ratio of 0.48,
which corresponds to about 40% contamina-
tion.

The model calculations generate REE abun-

dances 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 well (Tables 4 and 18),
which confirms the conclusion that the mean
Pirild 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
peridotites are:

La_ 8.6 - 36.1 mean 19.0
Sm_ 2.0 - 157 mean 8.8
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 profiles
follows the results of modelling quite well
(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 composition of parent magma contaminated by

Composition  CaO/Al 0, Zr La Sm La_/Sm
ppm
Magma 0.72 63 16.13 14.87 1.08
Upper crust 0.17 184 103.23 29.23 3.53
Cont. 5% 0.70 69 20.49 15.59 1.31
Cont. 10% 0.67 75 24.84 16.31 1.51
Cont. 15% 0.64 81 29.20 17.02 172
Cont .20% 0.62 87 33.55 17.74 1.89
Cont. 25% 0.59 93 37.91 18.46 2.05
Cont. 30% 0.56 99 42.26 19.18 2.20
Cont. 35% 0.54 105 46.62 19.90 2.34
Cont. 40% 0.50 L 50.97 20.61 2.47
Cont. 50% 0.45 124 59.68 22.05 271
Rantala 0.61 79 22.30 17.00 1.31
chilled margin
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0 % cont. 5 % cont. 10 % cont. 10 % cont.
(Vammala type) (Vammala type) (Vammala type) (Kotalahti type)
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Fig. 52. Calculated 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
peridotites are consistent with the presence of
abundant apatite in these rocks, since the
analyzed concentrations of La in apatite

(1100 ppm) are high enough to explain the
whole-rock content of this element. On this
basis, the high REE contents can be attributed
to the abundance of phosphorus and therefore
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Table 18. Zr content (ppm) of parent magma as a function of degree of crystallization (F’) and contam-
ination percentage (%) in Vammala (VAMM) and Kotalahti (KOTA) types.

F 0.98 0.96 0.94 0.92 0.88 0.84 0.80 0.76 0.72
VAMM 0% 7 8 10 11 13 16 18 21 24
KOTA 10% 7 8 10 12 16 19 21 25 28
KOTA 20% 8 9 | 14 18 22 25 29 33
KOTA 30% 9 11 13 16 21 25 28 34 38
KOTA 40% 10 12 15 18 23 28 32 38 43
KOTA 50% 11 13 17 20 26 31 35 42 47

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 Niinimiki. The mean P,O, content in the
Luonteri - Heiskalanméki 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 isotopic
shifts that would be anticipated by modelling
the effects of contamination where an initial
magma derived from depleted mantle and
having €,(1.88Ga) = 3.74, and Nd = 6.39 -
11.75 ppm was contaminated with Rantasalmi
mica schists having g (1.9Ga) = -2.5 and Nd
= 30 ppm (Hannu Huhma, personal communi-
cation). The g€ (T) of the magma has been
calculated according to DePaolo (1981) and
the estimated Nd value has been taken from
analytical data for the Pirild amphibolites

Table 19. The change in £ (T) in the contamination
model.

Ndy\oua = 6-39 ppm Ndy; gua = 11.75 ppm
Cont. % €,,(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

(Jukka Kousa, personal communication).

The analyzed samples thus yield € (T) val-
ues that correspond to 5 - 30% contamination,
depending on both the sample 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 & (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 value of 10 ppm when mod-
elling contamination for 1.9 - 1.7 Ga Sve-
cofennian 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:

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

2) contamination can adequately explain
the observed differences in mineral composi-
tion, REE profiles and g (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
which 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 S
and Zn were transferred by C-O-H-S 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 CaO/Al,O, 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 Rauhamiki, 1971), a mid-ocean ridge
setting seems unlikely in the present case.
According to Viluksela (1988) the amphibo-
lites and ultramafic rocks of the Pirild area
have geochemical characteristics resembling
that of back arc magmatism. Piirainen (1987)
also considered the 1.9 Ga Svecofennian mag-
matism to be of back arc 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-Heiskalanmiki 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 well.

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 S,, within the in-
trusions as well as their wall rocks and sug-
gests that intrusion took place prior to, if not
during the earliest stages of D, deformation.
Because recumbent folds developed during
both D, and D, (Koistinen, 1981), it is still
possible that intrusion took place during D.,.
However, no D, structures have been truncat-
ed by gabbros or peridotites in the Juva dis-
trict, indicating that intrusion probably took
place before D,.

The intrusions investigated can be classi-
fied as either single-stage or two-stage intru-
sions. The former have been emplaced direct-
ly 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 Kiiskilinkangas intrusions
represent single stage emplacement, with gra-
dational contacts and a continuous composi-
tional trend from peridotite to gabbro, while
the Saarijdrvi, Niinimidki, 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 Venetekemi, residual melts
and olivine-rich melt must have become sep-
arated 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
a chamber can vary in composition as a func-
tion of time and provides a possible mecha-
nism for generating olivine-rich melts. Mag-
matic compositions may also become more
mafic by the physical removal of plagioclase
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 intrusions it is
natural to ask whether the gabbro was earlier
or later than the peridotite, since 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 Niinimiki intrusion
is highly altered in close proximity to the

Separation of

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

1) rapid drop in temperature;

2) increase in oxygen fugacity

3) contamination (Si0,, Al,0,, Na,0)

4) assimilation of sediment-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, which in turn
decreases the solubility of sulfur in the melt. If
intrusion took place later, during metamor-
phism associated with D, then wall 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
available trace element, REE and Sm-Nd data.
Because the differences in mineralogy be-

peridotite, with plagioclase being altered to
saussurite and mafic minerals replaced by
chlorite, thereby indicating that the peridotite
is younger than the gabbro. Density differenc-
es also indicate the same intrusive relation-
ships since the less dense gabbroic 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.

sulfide melt

tween the Vammala-type and Kotalahti-type
intrusions can be explained by contamination,
this should also be considered as a likely
cause of sulfide separation, even though there
would only be a relatively small amount of
contamination in the case of the Vammala-
type intrusions.

If the magma were emplaced into sediments,
sulfide separation from the melt could be
caused by assimilation of sedimentary sulfur.
Peltonen (1995c¢) considered sulfur assimila-
tion in the Vammala district to one of the most
critical factors in ore formation. In the Juva
district however, Ni-Cu mineralization is asso-
ciated with sulfur-poor as well as graphitic and
sulfide-rich schists and therefore sulfur assim-
ilation is less likely to have been the primary
cause of sulfide separation, even though it has
presumably affected R values (silicate melt/
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 Mikeld, 1980). On the other hand,
sulfur isotopic compositions of Svecofennian
metapelites vary widely, from 8*S, = -7.1 -
+2.8 (Peltonen, 1995c¢), so that addition of sed-
imentary sulfur might not necessarily cause
noticeable changes to magmatic values
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(+0.5+1.5; Ohmoto and Rye, 1979), even at
high levels 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 single step
(batch equilibration), or occurred progressive-
ly by fractional segregation. In the case of
batch equilibration, 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 sulfide 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 sulfide crystalli-
zation. Because Dg*" is smaller than DY
and D" (Naldrett, 1989), the Ni/Co and Cu/
Co ratio of the sulfide melt decreases contin-
ually while the Ni/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 Juva district all
display 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,
although 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 could have taken
place at deeper levels prior to final emplace-
ment, or alternatively in situ at their present
crustal level. The former alternative 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 emplacement level,
the final result being effectively the same as
for in situ sulfide separation and ore forma-
tion. However, would the overall metal distri-
bution be similar in both cases? If, for exam-
ple, 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 during a single stage
process, they would not necessarily display
such zonation either. As noted above, sulfide
separation in the Juva 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+Ir+0Os) 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, with 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 Pd/Ir 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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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-
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tion trends would have been expected, with
Ni/Co and Cu/Co ratios being highest at the
base of the ore deposits, 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 composition and silicate melt chemistry

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

of Ni-Cu 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 Pirild mafic and ultramafic volcanics.

those factors considered important in influ-
encing the Ni and Cu abundances of the inves-
tigated intrusions in the Juva district. The
original Ni content of the silicate melt X .
has been determined from the data presented
in Figure 55, in which only the amphibolite Ni
contents are considered to be representative
of the magma as a whole. 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 olivine crystallization (X_) can be
calculated from the following equation using
the highest olivine Ni value analyzed for each
respective intrusion:

Ol/Liq — (4.961-1.266 In MgOLiq)
P, = e q
Ni

(Duke and Naldrett, 1978)

Log R has been calculated according to
Campbell and Naldrett (1979). Because no
primary Ni analytical data are available for
the Rantala, Rietsalo and Heiskalanmiki in-
trusions, they have been assigned D"*" value

of 380, which represents the mean of the
range of calculated Dy'*" values. X . has
been determined after Campbell and Naldrett
(1979) using a Dét”“‘ value of 250.

The calculated D@ values based on melt
Ni concentrations (X,) inferred from olivine
Ni abundances are generally somewhat higher
than the figure of 275 quoted for basaltic
melts by Rajamani and Naldrett (1978), al-
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Fig. 56. D! as a function of MgO content in silicate liquid.
Filled circles: Ni-Cu occurrences in Juva area, open circles:
experimental results after Rajamani and Naldrett (1978)
(MgO<13.5 w-%) and values after Naldrett (1989) (MgO >
13.5 w-%).
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Table 20. Distribution of Ni and Cu in different occurrences.

Occurrence Ni, Cugp logR Xy D;\‘;:’“' X X

w-% w-% ppm ppm ppm
Pihlajasalo 8.90 0.68 2.76 203 438 353 39
Saarijdrvi 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
Kiiskilinkangas 3.34 1.39 2.29 108 309 278 126
Rietsalo 5.54 5.40 2.96 380 206 274
Venetekemi 5.69 3.82 2.93 234 243 300 197
Heiskalanmiki 7.23 3.34 2.97 380 268 169
Niinimidki W 4.90 1.59 2.48 118 415 279 116
Niinimidki 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. For copper the value is 149 ppm, calculated on the basis of Dl = 250. The D" value
is the mean, 380, of calculated values. The lines for different R values have been drawn on the basis of the 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 = Niiniméki E, NIW = Niinimiki W, SAA = Saarijirvi, KEK = Kekonen,
RAN = Rantala, KII = Kiiskilinkangas, VEN = Venetekemd, RIE = Rietsalo, HEI = Heiskalanmiki.



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

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
D51 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 Heiskalanmiki 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 (D) 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-Heiskalanmiki 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 well with the
calculated model. Deposits 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 Venetekemi intrusion has lower Nig.
than would be expected from the MgO content
of the parent magma. In contrast to the Ran-
tala and Kiiskilinkangas 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 Venetekemi
intrusion should be associated with a further
deposit in which Ni_ 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, 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,
just 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. If the lower chilled
margin of an intrusion becomes fractured,
then basal sulfide cumulate aggregates can
penetrate into the underlying sediments, thus
forming a primary offset ore body. During
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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-
ly the first to become remobilized if the
sulfide fraction begins melting during meta-
morphism. Intense 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
Juva 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
respective metal abundances as primary.

There are nevertheless offset ore bodies in
some Svecofennian Ni-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-
strom, 1985); these ores are more readily in-
terpreted as late mobilized deposits compared
to those of the Juva district.

DISCRIMINATION BETWEEN BARREN 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 Ni 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 values of less than 3 so that the presence of
sulfide melt should be discernible in the Ni
concentrations in olivine. Large differences
in olivine Ni 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-
ly 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-
ly depleted in Ni and olivine crystallizing
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from such melts will contain very little Ni.
The Saarijdarvi peridotite illustrates this proc-
ess well on the scale of an individual intru-
sion. In the northern part of the intrusion,
where evidence for mineralization has been
found, the Ni concentrations in olivine are
lower than those in the barren southern part of
the intrusion, even though forsterite abun-
dances are similar in both cases (Table 6). In
Venetekemd and Niinimidki intrusions a
marked decrease in olivine Ni concentrations
is concomitant with a decrease in Fo content
and records the onset of sulfide separation
(Fig. 58). These observations also indicate
that olivine was crystallizing throughout the
sulfide separation process and also demon-

Fig. 58. Composition of olivine in Juva area compared to the
field forolivines in peridotites of upper mantle, Archean komati-
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Fig. 59. Mass ratio (R) between silicate melt and sulfide melt as a funtion of nickel content in olivine. To avoid the effect of
positive correlation between olivine 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-
ly 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 crustal levels. 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, Kiiskildnkangas and
Lumpeinen olivines are Ni-poor, while the
Saarijdrvi, Venetekemi, Kekonen and to some
extent also the Niiniméki 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 occurring
Ni deposits. On this basis it can be concluded
that the Rantala metamorphic olivines crys-
tallized in equilibrium with sulfides in the
same rocks (Fig. 58). The olivines from the
Kiiskildnkangas intrusion shows similar char-
acteristics to those from Rantala, with Ni con-
centrations increasing sympathetically with
fayalite content. Because the Kiiskildnkangas
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 Hikli
(1963), there is a positive correlation between
the Ni content of olivine and that of the sulfide
fraction in Svecofennian Ni-bearing intru-
sions. Because the samples studied are all
sulfide bearing, it is nevertheless possible that
equilibration has taken place during metamor-
phism. On the other hand, as noted earlier, if
the R value is low, then the Ni contents of both
the olivine and the sulfide fraction can also be
low, and consequently, positive 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 olivine
(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 separation.
The partition coefficient between melt and or-
thopyroxene for Cu is around 1 (data compi-
lation by Hanski, 1983), which is significant-
ly less than that betweeen sulfide and silicate
melt (about 250), so that the Cu content of
orthopyroxene should also reveal whether or
not sulfide separation has taken place. In the
southern part of the Saarijdrvi peridotite, ol-
ivine and orthopyroxene have higher Ni con-
centrations than in the northern part of the
intrusion; the same applies to the Cu concen-
tration in orthopyroxene (Fig. 62). Although
the difference is not great, the results never-
theless indicate that Cu should be measured as
a possible indicator of mineralization.
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Fig.61. Correlation between the nickel contents of orthopyrox-
ene and olivine in Saarijarvi and Niiniméki intrusions and in
ultramafic rocks from Rantala and Levidnomainen (= metamor-
phic). Detection limit for nickel is 100 ppm.
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Fig. 62. Orthopyroxene copper contents in the southern (filled squares) and northern (open squares) parts
of the Saarijirvi intrusion. Detection limit for copper is 0.01 w-%.
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Chrome spinel

According to Groves et al. (1977), the ZnO
content of chrome spinels is higher (>1 w-%)
in mineralized ultramafic rocks from Western
Australia than in barren lithologies. Lamberg
and Peltonen (1991) and Peltonen (1995¢)
found similar features in the ultramafic intru-
sions of the Vammala district - chrome spinel
Zn0O 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-
miki, Pihlajasalo, Venetekemid) and barren
intrusions on the basis of ZnO in spinel. The
Venetekemid samples 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

PR R

0.0 —
0 5 10 15 20

MgO w-%

that the analyses were made using different
techniques. The Venetekemi 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
spinels follow magmatic differentiation
trends. However, the mineralized Niinimiki
and Pihlajasalo intrusions have somewhat
lower Ni concentrations in spinel than those
from the barren to weakly mineralized Saari-
jarvi 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 Ni in olivine, as
advocated by Hanski (1993). Peltonen (1995d)
arrived at similar conclusions with regard to
the intrusions of the Vammala district.

0.3
NiO 7
W-% 1

Fig. 63. ZnO and NiO contents of chrome spinel as a function of MgO content in different intrusions. Symbols as in Figure 17.
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Whole rock analytical data

If 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-Heiskalanmiki zone
intrusions as a function of MgO; Ni contents
are conspicuously lower than in comagmatic
mafic volcanics, thereby indicating that a part
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

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-

1500
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900+

600+

300+ MAFIC VOLCANICS

Fig. 64. Whole rock Ni content as a function of MgO content in
Luonteri-Heiskalanmiki zone.

Fig. 65. Kotalahti and Vammala type samples in Zr-MgO and P,0.-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 (stars). HIT = Hitura, KOT = Kotalahti, KYL =
Kylmikoski, ORA = Oravainen, STO = Stormi, LAU = Lau-
kunkangas. Other data after Rajamani and Naldrett (1978).
Composition of 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 Mikinen, 1987). The similari-
ties 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-
graphic parts of the intrusions, a feature
which has also been recognized elsewhere,
including Enonkoski (Grundstrom, 1985) and
Stormi (Hikli 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 (Hidkli 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 (Hikli 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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mass ratios (R) between silicate and sulfide liquids and nickel contents in 100 % sulfides (Nigy). Juva occurrences fall

between R values of log 2 and log 3.

to higher than average R values. Papunen
(1989) regarded low R values as one potential
explanation for the generally low PGE con-
centrations in Svecofennian Ni-Cu deposits.

Contamination has been invoked in the in-
trusions of the Vammala district with de-
scending LREE trends observed (Peltonen,
1995b), and similar features are present in the
Juva district. The low ¢ (1.9Ga) value of
+0.2+£0.5 for the Laukunkangas intrusion
(Huhma, 1986) is also consistent with con-
tamination.

Overall the Ni-Cu occurrences of the Juva
district resemble those of the Kotalahti and
Vammala districts with respect to both com-

position and mode of occurrence. For this
reason it is considered that exploration out-
side these traditionally defined zones should
be continued.

Because the ore metals are ultimately de-
rived from the same magma as the host intru-
sions, a positive correlation exists between
the sizes of ore deposits and the host intru-
sions (Fig. 67). This correlation is neverthe-
less somewhat obscured by the random and
variable nature of the present erosion level.
The small sizes of the presently known Juva
district deposits can therefore be explained by
the generally small sizes of the intrusions
themselves.

SUMMARY

The mafic and ultramafic intrusions of the
Juva district represent magma that was intrud-

ed as predominantly concordant bodies into
metapelitic sediments, prior to deformation
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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 - 11 w-% and corresponded
to tholeiitic basalt in composition, with A1,0./
TiO, ratios of around 10. Variable contamina-
tion by crustal material resulted in differences
in the CaO/Al,O, ratios between intrusions
prior to the commencement of silicate crystal-
lization. Evidence for such contamination in-
cludes elevated LREE abundances and low
£.,(T) values. Wehrlitic rocks crystallized
from the CaO-rich magmas, and lherzolites
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.
Ds1! 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 sulfide 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 containing 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 have 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,O, and Zr. Similarly, the results of Sm-Nd
isotopic investigations indicate that mineral-
ized intrusions tend to have lower € (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. Neverthe-
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 mineralization indicators include Cu
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in olivine, Ni and Cu in orthopyroxene, Ni in
chrome spinel and whole-rock Ni abundances.

The Ni-Cu deposits of the Juva district cor-
relate well with other Svecofennian deposits
in terms of both composition and general
mode of occurrence, although R values in

some Juva 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 data for the Juva area. Oxides and §S in weight %, others in ppm. GB=gabbro and more felsic differentiates, PRD=peridotite,
UMAF=ultramafic rock, GN=gar-cord-gneiss, M.DYKE=mafic dyke, MARG.=chilled margin, n.d.=not determined, <=below detection limit, >=minimum content.

Occurrence ALANEN HEISKALANMAKI

Sample 1 2 3 4 5 6 7 8 9 10 11 12 18 14 16 16 17
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 51.82 5216 49.80 5373 5347 5424 5401 6383 53.03 54.14 5248 5427 5155 5299 51.21 52.59 54.59
TiO2 0.53 0.61 0.80 0.90 0.76 0.79 1.14 0.70 0.58 0.65 0.75 0.70 1.24 0.67- 0.73 0.87 0.44
Al203 17.83 1753 2018 1756 1872 1976 1933 16.08 7.61 8.26 9.61 914 1182 10.86 10.47 10.20 13.24
FeOtot 9.46 8.88 8.86 7.65 9.05 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 0.15 0.15 0.14 0.12 0.14 0.11 011 0.07 0.14 0.21 0.13 0.14 0.12 0.13 0.17 0.15 0.15
MgO 9.52 9.32 8.64 7.39 6.56 5.79 5.55 378 17.59 1677 1578 1562 1543 1490 14.82 14.81 14.47
CaO 7.38 7.84 9.83 157 7.79 8.40 5.70 490 1277 385 1123 9.42 8.14 11.16 10.06 1152 578
Na20 2.11 2.07 0.82 2.65 214 227 2.77 2.79 0.46 0.48 0.78 0.55 0.53 0.83 0.71 0.63 1.07
K20 1.09 1.33 0.77 1.73 1.22 131 2.35 1.88 0.37 0.72 0.71 0.64 213 0.76 0.59 0.58 1.07
P205 01 0 0.18 0.30 0.16 0.11 0.07 0.34 0.17 0.31 0.30 0.20 0.77 0.35 0.40 0:53 017
Cr 56 166 511 176 380 335 98 154 1073 1900 971 1064 750 1042 874 857 950
Ni 99 76 117 42 77 105 37 43 a11 280 1995 1620 1236 371 10226 300 200
Vv 161 126 164 186 187 178 219 172 173 n.d. 170 187 167 174 166 181 n.d.
Cu 80 <20 42 25 38 56 <20 27 85 80 674 506 444 148 4649 89 80
Pb <20 21 22 <20 <20 21 29 23 <20 n.d. 26 21 21 <20 31 <20 n.d.
n 93 92 98 116 121 125 139 105 78 20 135 116 114 80 159 87 20
Co n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 30 n.d. f.d. n.d. n.d. n.d. n.d. 30
Sn <20 <20 <20 <20 <20 <20 <20 <20 <20 n.d. <20 <20 <20 <20 <20 <20 n.d.
Mo <10 <10 <10 <10 <10 <10 <10 <10 <10 n.d. <10 <10 <10 <10 <10 <10 n.d.
S 0.12 0.03 0.08 0.10 0.12 0.14 0.07 0.08 0.13 0.16 0.90 0.79 0.44 0.12 3.89 0.12 0.15
As <30 <30 <30 <30 <30 <30 <30 <30 <30 n.d. <30 <30 <30 <30 <30 <30 n.d.
Rb 32 76 54 48 58 36 79 42 10 nd. 29 37 80 29 18 13 n.d.
Ba 147 502 476 313 221 242 418 287 140 n.d. 302 192 506 304 264 285 n.d.
Sr 322 822 496 418 390 459 404 506 425 n.d. 597 265 944 910 560 962 n.d.
Ga <20 25 21 26 20 20 28 25 <20 n.d. <20 <20 <20 <20 <20 <20 n.d.
Nb <10 12 <10 <10 <10 <10 11 <10 <10 n.d. <10 <10 11 <10 <10 <10 n.d.
Zr 62 154 126 90 61 51 135 83 57 n.d. 68 75 104 76 74 103 n.d.
Y 17 18 17 156 17 10 15 14 15 n.d. 14 15 26 17 23 21 n.d.
Th <10 <10 <10 <10 <10 <10 <10 <10 <10 n.d. <10 <10 <10 <10 <10 <10 n.d.
La <30 39 36 <30 <30 <30 33 <30 30 n.d. <30 <30 51 <30 36 48 n.d.
Ce 32 78 49 4] 41 31 70 43 49 n.d. 51 49 127 61 74 96 n.d.
Cl 93 246 160 90 184 89 100 93 116 n.d. 104 60 193 116 199 126 n.d.



Appendix 1. Continued 2/22.

Occurrence HEISKALANMAKI HIETAJARVI
Sample 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 56.62 52,01 52.13 49.99 52.23 53.67 51.88 50.67 52.17 53.36 63.35 53.54 50.94 50.65 48.60
TiO2 0.55 0.59 0.59 0.93 0.79 0.66 0.88 1.16 0.60 112 0.66 0.74 1.13 1.13 200
Al203 9.67 13.31 13.57 12.08 11.51 13.55 15.08 13.94 16.51 13.94 16.16 18.31 16.77 17.02 16.63
FeOtot 8.37 7.03 6.64 12.39 11.00 6.62 7.75 9.09 6.18 8.90 6.30 6.63 9.08 10.51 13.82
MnO 0.14 0.12 0.12 0.11 0.13 0.12 0.10 0.12 0.10 0.1 0.12 0.09 0.13 0.16 0.18
MgO 13.68 13.39 13.31 12.87 12.79 12.64 11.83 11.63 11.25 10.87 10.33 8.43 Z.53 8.42 7.68
CaO 10.00 11.16 10.76 8.81 9.04 10.32 8.64 9.96 1.2 8.43 10.49 8.99 8.65 9.43 6.64
Na20 0.00 1.51 1727 0.93 0.98 0.83 2.00 1.2 2.05 0.72 1.338 1.44 3.24 0.72 2.38
K20 0.81 0.65 0.88 1.26 1.08 1.31 .35 1.43 0.68 1.73 0.94 1.37 1.78 1.65 1.45
P205 017 0.25 0.24 0.62 0.45 0.29 0.50 0.89 0.24 0.82 0.33 0.44 0.75 0.32 0.62
cr 950 862 870 749 968 710 634 758 513 758 479 284 293 438 264
Ni 250 939 298 19179 11478 254 479 3798 230 3590 380 244 109 116 93
Vv n.d. 135 139 139 131 160 167 189 138 184 134 149 214 282 375
Cu 100 456 202 4636 3208 94 493 1892 172 1688 300 186 116 <20 64
Pb n.d. 32 33 34 26 22 46 | 30 30 23 24 <20 <20 21
n <10 75 73 111 143 88 13| 123 70 177 79 97 147 132 194
co 20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nid. n.d. n.d. n.d. n.d.
Sn nd. <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
S 0.21 0.33 0.08 7.90 512 0.10 0.43 1.87 0.14 1.63 0.20 0.19 0.19 0.01 0.13
As n.d. <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb n.d. 21 25 37 38 71 418 51 21 78 46 63 84 147 53
Ba n.d. 304 399 477 497 423 637 697 369 898 447 620 476 689 360
Sr n.d. 1453 1435 761 737 988 1561 1305 1777 1132 1498 1767 1305 597 556
Ga n.d. <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 22 28 <20 23
Nb nd. <10 <10 <10 <10 <10 <10 12 <10 13 <10 1 21 <10 16
Zr n.d. 61 64 85 88 84 104 142 70 166 83 94 172 31 94
Y n.d. 16 13 15 14 13 20 25 12 26 13 18 33 20 24
Th n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
La n.d. 34 42 38 40 41 36 74 31 74 42 45 73 <30 <30
Ce n.d. 57 57 89 75 60 85 162 63 127 64 87 165 43 76
@] n.d. 87 134 88 172 137 175 262 133 235 161 328 675 115 114
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Occurrence HIETAJARVI

Sample 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 5255 49.49 48.89 49.63 50.73 50.35 50.21 53.40 51012 53.68 50.85 53.32 49.26 50.50 51.20
TiO2 1.52 1.19 1.32 1.09 0.63 1.58 1.45 1.29 1.68 1.72 1.27 1617 1.54 1.78 1.30
Al203 16.81 19.52 19.10 21.12 20.53 19.17 20.25 18.68 19.04 16.59 20.29 19.00 20.71 18.88 20.29
FeOtot 10.11 9.44 9.68 9.73 8.16 9.35 10.20 9.43 10.72 11.50 9.67 9.47 10.68 11.70 9.74
MnO 015 013 0.18 0.15 013 0.14 017 0.13 0.14 0,16 0.14 0.14 0.15 0.14 0.14
MgO 7.20 70 6.95 6.70 6.64 6.11 5.76 573 573 5.71 5.67 545 5.29 521 517
CaO 6.87 9.53 8.50 8.52 9.49 8.90 7.60 6.53 6.92 5.84 7.83 7.63 8.64 6.41 7.40
Na20 2:53 1.78 275 2112 2.66 2.24 2.94 2.61 2.48 2. 3.08 2.62 257 297 3.18
K20 1.88 1.47 2.36 0.66 0.75 1.81 0.99 1.78 1.64 1.54 0.76 0.81 0.55 1.78 113
P205 0.38 0.35 0.27 0.27 0.28 0.37 0.42 0.41 0.53 0.54 0.44 0.39 0.63 0.62 0.46
Cr 314 252 237 285 299 226 191 226 205 178 214 220 133 141 181
Ni 87 35 72 61 51 42 100 75 78 69 76 75 38 90 67
\% 256 232 227 322 142 254 223 236 328 306 280 226 368 292 243
Cu 40 <20 73 <20 <20 <20 54 42 58 28 29 <20 23 174 30
Pb 22 <20 <20 <20 <20 <20 <20 21 20 26 <20 20 23 20 <20
n 146 1 182 118 102 128 154 162 155 193 141 138 148 232 147
Co n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. mnid. n.d. n.d.
Sn <20 <20 43 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
S 012 0.06 0.82 0.05 0.01 0.10 0.14 0.16 0.16 0.03 D12 0.02 0.12 0.49 013
As <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb 117 139 193 33 34 114 37 87 79 76 28 37 23 90 35
Ba 369 365 877 437 283 639 313 642 477 485 298 383 279 429 438
Sr 414 553 508 623 687 522 595 477 590 491 642 8517 550 513 627
Ga 24 28 28 26 20 27 26 28 25 25 26 26 27 34 27
Nb 14 <10 <10 <10 <10 12 12 1 15 17 <10 1 <10 20 12
Ir 97 74 275 33 98 150 96 1156 68 81 76 70 23 62 79
¥ 24 26 15 <10 13 25 19 22 21 24 18 32 19 21 21
Th <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
La 35 <30 34 <30 30 <30 <30 36 <30 45 <30 30 <30 <30 49
Ce 73 66 63 44 47 62 63 72 71 74 62 75 42 75 88
Cl 151 70 66 57 82 141 85 114 79 185 75 64 76 196 97
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Occurrence | HIETAJARVI

Sample 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
Si02 54.55 53.02 52.38 55.18 46.37 48.66 49.67 50.21 49.54 58.88 48.37 56.39 49.32 51.08 51.80
TiO2 117 1.33 1.36 118 2.01 1.29 247 1.90 1.62 1.14 1.7 1.16 2.08 1.78 2.03
Al203 18.59 19.28 20.02 18.50 21.83 21.86 19.55 20.66 21.53 17.69 22.04 18.87 21.65 20.36 19.65
FeOtot 8.47 8.61 9.27 8.23 11.24 11.44 11.40 10.31 9.78 7.38 9.84 7.89 11.15 10.23 10.31
MnO 0.12 0.10 013 0.12 0.13 0.18 0.15 0.14 0.12 0.10 0.2 0.1 0.12 0.12 0.10
MgO 5.09 4.95 4.79 4.70 4.59 4.47 4.27 4.27 4.17 4.06 4,03 4.03 3.96 3.77. 3.73
CaO 6.08 5.84 7.04 6.40 8.28 8.29 7.09 7.62 8.20 531 9.96 5.86 6.61 6.50 7.29
Na20 3.40 3.27 30 3.26 242 2.60 324 3.08 311 3.07 2.47 2.97 3.45 3.47 2.85
K20 212 3.00 1.46 2.04 215 0.97 1.37 1.24 1.27 2.06 0.75 227 1.64 201 1.49
P205 0.40 0.60 0.45 0.39 0.98 0.24 0.81 0.58 0.65 0.36 0.73 0.44 0.03 0.68 0.76
Cr 243 187 154 184 83 222 84 93 97 159 88 128 90 101 76
Ni 85 69 60 69 47 73 38 30 31 52 29 48 69 49 35
\% 199 212 237 207 297 306 353 301 257 190 279 195 223 248 276
Cu 25 <20 31 26 65 61 34 39 24 <20 55 37 47 33 86
Pb 24 27 25 21 22 <20 24 25 23 30 21 20 25 29 29
n 149 162 143 136 138 183 163 147 162 122 132 146 172 156 159
Co 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.

Sn <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
S 0.05 0.05 0.10 0.06 017 0.20 0.10 0.15 0.14 0.05 0.44 0.12 013 0.12 0.46
As <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb 100 144 68 100 51 43 63 64 72 137 39 130 56 97 94

Ba 526 559 614 661 3318 598 452 597 612 596 626 499 1085 1068 1555

Sr 504 482 587 510 908 622 567 664 716 415 720 499 669 550 798

Ga 26 33 30 28 29 29 30 29 35 23 33 28 33 30 33

Nb 14 22 13 16 <10 10 21 14 12 18 1 17 24 2] 13

Zr 176 163 128 194 141 127 81 101 86 231 129 140 453 58 120

¥ 23 23 23 31 16 12 18 18 24 32 35 29 <10 36 20

Th <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10

La 37 48 41 14 80 <30 37 <30 37 47 38 43 <30 50 64

Ce 96 85 74 94 170 a4 86 67 81 97 83 87 50 99 125

Cl 121 250 149 130 96 83 116 170 199 108 144 242 65 120 338
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Occurrence HIETAJARVI I KEKONEN

Sample 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77
Lithology GB GB GB PRD PRD PRD PRD PRD GB GB PRD GB GB GB GB
SiO2 50.98 49.17 65.02 43.12 43.49 41.67 4416 48.05 46.79 44,90 46.86 45.79 46.72 47.14 47.45
TiO2 1.73 2.05 0.72 1.04 0.63 0.53 0.70 0.46 0.67 0.68 0.56 0.63 0.98 0.89 0.37
AI203 21.18 20.52 19.32 5.99 7.45 713 8.36 10.36 10.38 11.83 1237 14.49 13.21 14.18 16.31
FeOtot 10.50 11.64 4.89 16.16 15.50 18.49 156.50 10.86 13.22 13.60 12.19 11.29 11.99 11.57 10.09
MnO 013 0.13 0.03 0.21 0.20 0.22 0.22 0.18 0.19 0.20 0.18 0.15 0.18 017 0.17
MgO 3.62 3.53 219 28.01 26.85 26.22 24.47 21.09 20.99 19.34 17.88 16.71 16.60 15.97 13.52
CaO 6.14 7.46 0.53 4.03 4.20 4.35 5.07 7.03 6.12 7.30 7.97 8.41 7.94 8.02 9.37
Na20 375 3.47 1.83 0.62 0.62 0.91 0.95 1.03 1.13 1.67 1.27 1.35 1.63 1.08 0.82
K20 1.81 123 5.39 0.34 0.83 0.25 033 0.85 0.37 0.32 0.60 1.04 0.55 0.80 1.82
P205 05 0.79 0.09 0.48 0.23 0.21 0.23 0.09 0.15 0.16 0.12 0.14 0.20 0.19 0.08
Cr 102 70 101 2130 2054 1791 1678 990 2315 1436 865 1120 964 921 501
Ni 65 30 55 1394 1110 6253 6702 1769 1118 794 869 2457 475 435 314
Y, 208 234 M7 166 129 131 128 145 165 154 167 133 171 171 127
Cu 62 <20 <20 163 93 1102 3263 1219 298 179 121 2082 132 112 60
Pb 31 20 61 <20 <20 26 31 <20 <20 <20 <20 <20 <20 <20 <20
n 164 154 167 133 145 172 203 135 169 117 117 83 102 94 101
Co n.d. n.d. n.d. 126 120 257 251 92 109 104 115 124 83 86 76
Sn <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
5 017 0.05 0.02 0.20 0.12 3.34 3.81 0.93 0.41 0.16 0.14 1.27 0.10 0.10 0.06
As <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb 63 66 153 14 23 <10 <10 17 <10 <10 18 32 13 22 55
Ba 1227 798 746 177 173 104 126 99 140 134 133 105 149 171 123
Sr 606 636 135 119 114 124 140 100 168 183 181 162 187 187 248
Ga 29 28 34 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Nb 21 23 22 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Zr 230 213 204 107 71 38 53 38 45 59 54 53 70 88 37
Y 13 20 <10 19 11 11 <10 11 11 17 11 12 14 18 10
Th <10 <10 20 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
La 31 40 69 32 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Ce 53 88 152 a4 30 <30 <30 <30 30 <30 <30 32 <30 31 <30
Cl 71 121 70 350 273 465 138 126 112 127 101 160 132 122 144
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Occurrence |KEKONEN KIISKILANKANGAS KOLOLAHDENS.
Sample 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92
Lithology GB GB PRD PRD PRD PRD GB GB GB GB GB GB GB GB GB
Si02 48.37 48.74 42.09 46.96 48.52 46.87 48.15 46.36 48.50 49.15 52.156 51.73 57.77 49.48 46.55
TiO2 0.74 1.02 0.45 0.34 0.34 0.27 0.24 0.35 0.31 0.38 0.40 0.57 1.28 0.85 0.67
Al203 15.23 16.43 6.14 8.47 9.24 10.14 12.89 14.79 14.02 15.04 13.59 15.50 16.83 8.94 18.25
FeOtot 10.95 10.28 14.65 12.42 10.75 12.20 10.06 11:27 9.59 9.41 10.69 10.10 10.80 13.14 9.15
MnO 0.16 0.15 0.19 0.19 0.17 0.18 0.16 0.15 0.16 0.15 0.17 0.16 0.15 0.21 0.13
MgO 13.38 11.53 30.64 24,01 22.39 22.33 19.70 17.62 17.40 16.99 12.51 10.32 3.24 17.22 11.99
CaO 8.32 9.29 3.01 6.04 6.71 6.58 7.59 7.61 8.55 8.11 7.81 8.74 5.89 8.65 9.36
Na20 0.77 1.727 0.13 1.25 1.30 1.13 0.87 1.32 1.00 1.20 1.96 1.76 2.72 0.43 0.00
K20 1.96 0.59 2.51 0.26 0.52 0.28 0.32 0.48 0.45 0.51 0.65 1.05 1.02 1.03 3.64
P205 0.13 0.19 0.19 0.06 0.05 0.04 0.03 0.05 0.04 0.06 0.07 0.08 0.30 0.05 0.27
Cr 648 487 2651 680 950 918 1324 785 970 926 714 473 69 1300 350
Ni 387 318 1082 230 170 990 304 1569 95 69 153 52 41 140 290
Y, 155 182 94 n.d. nd. 166 198 147 182 191 189 209 168 n.d. n.d.
Cu 105 88 35 99 60 485 173 11569 42 39 <20 66 47 70 <10
Pb <20 <20 <20 n.d. n.d. <20 <20 28 <20 <20 <20 <20 22 n.d. n.d.
n 104 91 156 13 <10 92 77 86 77 80 102 91 109 20 40
Co 69 69 121 55 36 164 84 268 69 69 71 60 38 30 40
Sn <20 <20 <20 n.d. n.d. <20 <20 <20 <20 <20 <20 <20 <20 n.d. n.d.
Mo <10 <10 <10 n.d. n.d. <10 <10 <10 <10 <10 <10 <10 <10 n.d. n.d.
S 0.09 0.12 0.08 0.156 0.10 1.13 0.39 2.15 0 0.07 0.03 0.24 0.08 0.24 0.02
As <30 <30 <30 n.d. n.d. <30 <30 <30 <30 <30 <30 <30 <30 n.d. n.d.
Rb 65 17 115 n.d. n.d. i 13 15 21 22 27 31 40 n.d. n.d.
Ba 174 201 155 n.d. nd. 70 80 117 94 115 141 200 672 n.d. n.d.
Sr 222 274 24 n.d. n.d. 70 82 101 92 118 134 151 423 n.d. nd.
Ga n.d. n.d. n.d. n.d. n.d. n.d. nid, n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Nb <10 <10 <10 nid. n.d. <10 <10 <10 <10 <10 <10 <10 13 n.d. n.d.
Zr 65 95 46 nid: n.d. 24 22 36 33 4] 43 70 216 n.d. n.d.
Y 17 19 1 n.d. n.d. <10 <10 <10 <10 <10 16 16 25 nd. n.d.
Th <10 <10 <10 n.d. n.d. <10 <10 <10 <10 <10 <10 <10 <10 n.d. n.d.
La <30 <30 <30 n.d. n.d. <30 <30 <30 <30 <30 <30 <30 38 n.d. n.d.
Ce 31 43 <30 n.d. n.d. <30 <30 <30 <30 31 <30 <30 59 n.d. n.d.
Cl 131 135 1704 n.d. n.d. 84 79 125 88 78 124 130 273 n.d. n.d.
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Occurrence KOLOLAHDENSELKA

Sample 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 50.40 4612 53.23 6525 60.32 60.14 61.23 62.33 62.73 64.04 64.88 60.51 63.47 65.85 6691
TiO2 0.90 3.04 1.30 1.19 0.87 1.08 0.79 0.75 0.77 0.66 0.66 1.07 0.67 0.56 1.8
Al203 18.24 16.14 17.94 17.44 16.30 17.42 16.80 16.48 16.66 16.38 16.07 17.67 15.91 15.81 16.04
FeOtot 8.13 15.96 9.98 8.33 6.91 7.53 6.28 553 5.62 520 575 7.00 5:118 4.50 484
MnO 0.13 0.21 0.12 0.10 0.08 0.09 0.08 0.07 0.07 0.07 0.08 0.06 0.06 0.06 0.00
MgO 72.21 6.44 5.94 5.21 4.68 423 3.92 3.77 3.49 3.29 3.26 3.24 3.21 2.74 1.48
CaO 11.07 9.91 7.74 7.65 525 5.09 4.7 4.44 4.46 4.03 4.86 5.07 4.45 3.65 244
Na20 1.91 0.63 1.28 2.30 3.16 2.45 3.43 451 3.29 397 2.74 2.67 4.39 4,07 2.80
K20 1.68 0.83 210 223 2.07 1.85 2.39 1.82 2.56 212 1.54 2.43 2.39 2.50 3.98
P205 0.34 0.72 0.36 0.30 0.35 0.13 0.35 0.31 0.35 0.26 015 0.27 0.27 0.25 0.35
Gt 290 14 140 90 150 110 120 120 110 110 110 47 100 100 18
Ni 50 40 50 30 120 50 60 70 60 60 60 40 70 60 10
\% n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. midl n.d. n.d. n.d. n.d. n.d. n.d.
Cu 50 60 20 20 60 30 <10 <10 20 <10 40 60 <10 <10 20
Pb 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.
Zn 30 40 50 60 60 60 60 50 60 50 50 80 40 50 120
Co 20 30 20 20 20 20 20 20 10 10 40 20 10 10 20
Sn 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.
Mo n.d. n.d. n.d. n.d. gl n.d. n.d. nid. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S 0.14 0.30 0. 0.05 (68 0:18 0.05 0.08 0.03 0.02 0.08 0.14 0.02 0.03 0.14
As 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.
Rb 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.
Ba 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.
Sr 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.
Ga 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.
Nb 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.
Zr n.d. n.d. n.d. n.d. n.d. Vo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Y 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.
Th 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.
La n.d. n.d. nid. n.d. n.d. n.d. n.d. n.d. n.d. Mgl n.d. n.d. n.d. n.d. n.d.
Ce 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.
€l 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.




Appendix 1. Continued 8/22.

Occurrence KOLKANRANTA [ Levan. | LUMPEINEN

Sample 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122
Lithology GB GB GB GB GB GB GB  UMAF PRD PRD PRD PRD PRD PRD PRD
SiO2 52.52 57.46 58.08 59.54 59.43 61.33 65.48 50.32 4294 41.75 42.60 42.22 46.30 4401 44.39
TiO2 .27 1.06 17 1.06 1.04 0.93 0.78 0.65 0.21 0.30 0.55 0.43 0.41 0.31 0.34
Al203 14.88 15.05 15.48 16.01 16.00 16.74 15.91 7.78 2.01 6.34 3.75 6.23 4,02 2.79 2.83
FeOtot 10.61 8.26 8.52 7.94 7.66 6.89 5.88 10.01 17.23 17.05 16.53 17.44 16.32 15.03 14.56
MnO 0.15 0.1 0.12 0.10 0.10 0.09 0.07 0.16 0.25 0.24 025 0.26 0.25 0.23 023
MgO 7.00 6.00 549 495 494 4.65 3.43 21.35 34.55 31.20 29.47 29.32 29.25 28.58 28.36
CaO 8.46 6.02 577 5.29 5.18 5.24 3.89 8.81 2.81 3.05 6.27 3.03 2.87 8.78 8.97
Na20 247 3.24 2.53 2.56 3.33 2.81 2.77 0.58 0.00 0.00 0.34 0.56 0.09 0.19 0.12
K20 222 2.38 2.45 2.18 1.98 197 1.55 0.19 0.00 0.00 0.21 0.44 0.51 0.07 0.18
P205 0.42 0.4 0.38 0.36 0.35 0.35 0.24 0.14 0.00 0.07 0.03 0.07 0.00 0.02 0.02
Cr 230 240 220 190 190 180 120 2400 >1100 >130 1024 >71 >230 1471 1312
Ni 60 110 130 90 90 90 80 120 710 480 364 420 440 309 346
\% n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 205 n.d. n.d. 181 178
Cu 140 20 70 60 50 50 90 54 200 150 101 98 280 40 85
Pb n.d. nd, n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <20 n.d. n.d. <20 <20
n 50 70 100 70 70 60 70 <10 85 120 119 120 120 97 99
Co 20 20 50 20 20 20 30 24 160 160 133 150 150 112 114
Sn n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. <20 n.d. n.d. <20 <20
Mo nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <10 n.d. n.d. <10 <10
S 0.04 0.03 0.14 0.08 0.10 0.04 0.09 0.01 0.52 0.40 0.52 0.27 1.12 0.17 0.23
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <30 n.d. n.d. <30 <30
Rb n.d. n.d. n.d. md. n.d. n.d. n.d. n.d. n.d. n.d. <10 n.d. n.d. <10 <10
Ba n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 57 n.d. n.d. 90 43
Sr n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. 49 n.d. n.d. 33 29
Ga 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.
Nb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <10 n.d. n.d. <10 <10
r n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <10 n.d. n.d. <10 10
Y n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <10 n.d. nd. <10 <10
Th n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <10 n.d. n.d. <10 <10
La n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <30 n.d. nd. <30 <30
Ce n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <30 n.d. nd. <30 <30
€l n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. 769 n.d. n.d. 527 692




Appendix 1. Continued 9/22.

Occurrence | LUMPEINEN

Sample 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137
Lithology PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD
Si0O2 44.57 44,98 4491 47.41 44,51 46.78 4517 45.43 47.19 48.63 47.72 46.95 48.08 50.29 49.06
TiO2 0.35 0.33 0.38 0.37 0.42 0.46 0.41 0.48 0.40 0.43 0.44 0.59 0.54 0.46 0.65
Al203 2.83 274 4.36 3.42 6.78 4.37 416 375 4.47 3.45 411 4.49 411 3.84 6.30
FeOtot 16.19 14.78 14.46 12.26 14.52 13.45 13.75 14.01 13.67 11.41 13.08 11.76 10.10 8.94 8.77
MnO 022 0.21 0.22 0.22 0.23 0.22 0.22 0.24 0.22 0.19 0.22 0.20 0.18 0.18 0.17
MgO 28.12 27.63 26.36 26.30 25.47 25.41 24.98 24.63 24.17 24.10 22.65 20.71 20.34 19.90 17.07
CaO 8.30 8.99 8.66 9.54 6.98 2.1 10.94 10.85 9.80 11.71 11.70 14.81 16.22 16.08 16.87
Na20 0.26 022 0.42 0.29 0.58 0.10 0.26 0.40 0.00 0.00 0.08 0.38 0.33 0.10 0.81
K20 0.14 0.09 0.19 0.15 0.45 0.00 0.08 0.18 0.00 0.04 0.00 0.09 0.08 0.22 0.25
P205 0.03 0.02 0.04 0.04 0.06 0.09 0.04 0.04 0.08 0.03 0.00 0.02 0.02 0.00 0.05
Cr 1309 2130 1297 1843 >600 >890 1184 1141 >720 >1200 >860 2235 2402  >1800 2530
Ni 331 524 489 369 360 440 365 242 430 450 380 400 366 340 169
\ 170 176 171 179 n.d. n.d. 219 285 nd. n.d. n.d. 290 280 n.d. 323
Cu 83 196 219 77 110 200 172 1M 200 220 180 159 191 140 42
Pb <20 <20 <20 <20 n.d. n.d. <20 <20 <10 n.d. nd. <20 <20 n.d. <20
Zn 104 108 89 93 100 85 83 103 86 73 87 76 64 57 53
Co 126 131 135 125 130 130 124 101 130 120 120 99 86 92 64
Sn <20 <20 <20 <20 n.d. n.d. <20 <20 n.d. n.d. n.d. <20 <20 n.d. <20
Mo <10 <10 <10 <10 n.d. n.d. <10 <10 n.d. n.d. n.d. <10 <10 n.d. <10
S 020 0.44 0.46 0.38 0.35 0.48 0.38 0.61 0.52 0.62 0.44 0.38 0.43 0.59 0.17
As <30 <30 <30 <30 n.d. n.d. <30 <30 n.d. n.d. n.d. <30 <30 n.d. <30
Rb <10 <10 <10 <10 n.d. n.d. <10 <10 n.d. n.d. n.d. <10 <10 n.d. <10
Ba 32 29 57 47 n.d. n.d. 44 42 n.d. n.d. n.d. 46 53 n.d. 74
Sr 33 30 59 46 n.d. n.d. 50 50 n.d. n.d. n.d. 58 50 n.d. 88
Ga 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.
Nb <10 <10 <10 <10 n.d. n.d. <10 <10 n.d. n.d. n.d. <10 <10 n.d. <10
Zr <10 <10 15 16 n.d. n.d. 12 12 n.d. n.d. n.d. 18 14 n.d. 29
Y <10 <10 <10 <10 n.d. n.d. <10 <10 n.d. n.d. n.d. 13 11 n.d. 13
Th <10 <10 <10 <10 n.d. n.d. <10 <10 n.d. n.d. n.d. <10 <10 n.d. <10
La <30 <30 <30 <30 n.d. n.d. <30 <30 n.d. n.d. n.d. <30 <30 n.d. <30
Ce <30 <30 <30 <30 nd. n.d. <30 <30 n.d. nd. n.d. <30 <30 n.d. <30

Cl 681 544 892 538 n.d. n.d. 885 445 n.d. n.d. n.d. 207 163 n.d. 145




Appendix 1. Continued 10/22.

Occurrence  |MYLLYNKYLA NIINIMAKI

Sample 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152
Lithology UMAF  UMAF PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD
Si02 45.04 47.04 43.13 42.10 42.62 43.54 43.80 42.68 43.78 42.35 42.83 41.90 44.63 45.35 43.69
TiO2 1.01 1.07 0.18 0.21 0.30 0.37 0.28 0.29 0.19 0.37 0.18 0.17 0.20 0.31 0.33
Al203 9.04 8.30 3.89 3.63 3.52 3.96 4.52 4,61 4.66 411 5.35 3.84 4.79 4.50 5.02
FeOtot 12:23 11.39 13.85 15.81 15.68 14.18 1313 14.12 13.12 15.66 13.56 17.50 13.13 13.39 14.36
MnO 0.19 0.19 0.19 0.18 0.18 0.19 0.18 0.19 0.18 0.20 0.17 0.18 0.17 0.18 0.19
MgO 21.66 20.87 36.59 36.08 35.64 3511 35.10 35.00 34.99 34.85 34.74 34.53 33.79 33.46 33.33
CaO 9.37 9.74 1.91 1.71 1.66 2.03 242 242 1.87 2.02 2.45 1.31 1.63 216 2.41
Na20 0.22 1.1 0.06 0.08 0.08 0.16 0.19 0.11 0.14 0.14 0.37 0.07 0.03 0.25 0.20
K20 0.13 0.17 0.18 0.15 017 0.33 0.30 0.46 1.02 017 0.29 0:35 1.56 0.31 0.30
P205 0.11 0.12 0.03 0.06 0.16 0.12 0.08 0.12 0.06 0.13 0.05 0.13 0.07 0.10 0.18
Cr 1400 1600 3574 2665 3272 3491 3419 2820 3468 2491 3367 2575 2701 2509 2131

Ni 670 530 1356 1419 1175 1884 1077 1054 1036 1194 1035 2539 1128 2155 1400
\% n.d. n.d. 61 76 84 81 77 62 61 79 54 50 53 72 77
Cu 66 74 205 277 77 394 98 144 62 148 <20 793 133 575 436
Pb 21 18 <20 <30 <30 <20 <20 <20 <20 <30 <20 <30 <20 <20 <30
n 21 18 148 163 156 143 120 162 140 154 153 237 161 113 157
Co 62 47 n.d. n.d. n.d. n.d. n.d. n.d. el n.d. n.d. n.d. n.d. n.d. n.d.
Sn n.d. n.d. <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo n.d. n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
S 0.01 0.03 0.26 0.41 0.17 0.55 0.13 0.30 0.10 0.28 0.06 1.04 0.30 0.93 0.63
As n.d. n.d. <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb n.d. n.d. <10 <10 <10 13 il 34 53 <10 <10 12 90 10 <10
Ba n.d. nid, 47 118 84 109 94 64 80 89 98 102 158 110 104
Sr n.d. n.d. 69 50 72 105 130 108 68 87 107 80 61 91 104

Ga n.d. n.d. <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Nb n.d. n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10

Zr n.d. n.d. 12 20 40 30 27 33 21 32 14 39 18 32 38

Y n.d. n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10

Th nd. n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10

La n.d. n.d. <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30

Ce n.d. n.d. <30 n.d. n.d. <30 <30 <30 <30 n.d. <30 n.d. <30 <30 n.d.

Cl nid. n.d. 2052 740 801 1861 2425 1156 1578 1088 1855 1100 728 873 826



Appendix 1. Continued 11/22.

Occurrence NIINIMAKI

Sample 153 154 155 156 1657 158 159 160 161 162 163 164 165 166 167
Lithology PRD PRD PRD PRD PRD GB GB PRD GB GB GB GB GB GB GB
SiO2 44.42 44.96 43.80 45.17 45.80 50.93 50.75 51.41 51.31 50.50 45.90 43.63 52.77 51.51 52.46
TiO2 0.26 0.58 0.22 0.48 0.28 0.43 0.60 0.28 0.42 0.62 0.81 0.79 0.46 0.76 0.33
Al203 5.45 5.20 6.35 5.67 6.97 7.79 8.96 7.01 5.68 10.27 12.81 16.72 8.54 8.55 11.18
FeOtot 13.74 14.10 13.91 16.10 14.73 13.86 11.63 11.61 15.82 12.24 13.11 1658 10.36 11.98 9.35
MnO 0.17 0.18 0.18 0.20 0.20 0.15 0.08 013 (¥ 013 0.19 017 0.18 0.20 0.17
MgO 32.54 32.13 31.76 29.06 27.89 24.94 2491 24.37 23.94 23.34 23.11 22.76 22.91 20.86 20.77
CaO 2.57 2.53 291 2.83 3.66 1.52 1.97 4.73 125 275 3.68 0.24 414 4.41 457
Na20 0.44 0.20 0.45 0.22 0.31 0.00 0.03 0.29 0.18 0.00 0.08 0.00 0.50 0.53 0.63
K20 0.36 0.07 0.37 0.14 0.10 0.31 0.97 0.09 1.21 0.05 0.1 0.00 0.79 0.99 0.54
P205 0.06 0.06 0.04 0.12 0.06 0.06 0.10 0.09 0.07 0.10 0.19 0.1 0.05 0.20 0.05
Cr 2889 2599 3263 2198 2467 2606 2717 3347 2027 2903 1905 2047 2538 1954 1807
Ni 1070 1830 1162 3582 996 1546 632 1681 4121 564 619 516 1383 465 434
Vv 67 117 72 82 s 129 163 85 120 158 204 146 143 168 122
Cu 102 597 94 1193 156 458 22 436 858 101 127 25 525 61 132
Pb <30 <30 <30 <30 <20 <30 <30 <30 <30 39 <30 <30 <30 <30 <20
n 126 137 148 193 139 1657 36 138 404 145 165 290 110 139 106
Co 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.
Sn <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo <10 <10 <10 <10 <10 <10 <10 <10 28 <10 <10 <10 <10 <10 <10
S 0.14 1.07 0.15 2.06 0.30 0.28 0.03 0.52 2.96 0.18 0.10 0.00 0.62 0.13 0.39
As <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb <10 <10 <10 10 <10 22 64 <10 57 <10 <10 <10 56 62 22
Ba 137 28 130 62 30 62 184 49 124 32 38 27 138 241 97
Sr 120 33 120 58 86 16 84 74 17 19 23 <10 125 108 246
Ga <20 <20 <20 <20 <20 <20 <20 <20 <20 23 2] 21 <20 <20 <20
Nb <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 10 <10 <10 <10 <10
Ir 39 28 27 39 21 30 44 31 29 40 85 85 27 78 18
¥ 10 12 <10 11 <10 12 17 <10 <10 16 28 12 15 23 <10
Th <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
La <30 <30 <30 <30 <30 <30 <30 <30 33 <30 <30 <30 <30 <30 <30
Ce n.d. n.d. n.d. n.d. <30 n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. <30
(6] 642 386 576 341 362 38 145 61 161 46 43 33 79 61 60
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Occurrence NINIMAKI PAKINMAA | PIHLAJASALO
Sample 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182
Lithology GB GB GB GB GB GB GB GB GB GB GN UMAF UMAF PRD PRD
SiO2 52.21 44.70 51.60 49.62 517 50.88 51.07 50.71 52.95 0.29 66.38 46.39 45.66 43.67 45.32
TiO2 0.28 0.37 0.41 0.63 0.75 0.86 1.10 0.86 0.30 0.74 0.75 0.90 1.03 0.16 0.16
Al203 12.04 21.89 12.51 14.98 12.48 12.48 13.79 16.33 17.41 19.73 16.49 8.72 9.86 2.63 2.76
FeOtot 8.63 10.36 10.24 9.43 10.77 12.82 11.35 9.61 7.2 8.17 6.12 11.68 12.28 11.72 11.60
MnO 0.16 0.17 07 0.12 0.18 0.19 0.19 0.13 013 0.14 0.10 0.18 0.20 0.18 015
MgO 20.65 18.62 172.77 17.05 16.48 15.48 13.96 13.47 12.83 9.21 3.00 24.84 22.95 37.84 36.43
CaO 4.93 1.69 5.89 6.31 5.05 3.81 6.01 5.83 7.01 9.44 1.83 6.33 6.93 3.56 335
Na20 0.52 0.50 0.78 0.90 1.39 1.50 1.55 1.67 1.38 1.78 3.47 0.73 0.90 0.12 0.17
K20 0.54 1.64 0.45 0.77 0.99 1.87 0.62 1.16 0.84 0.40 1.74 0.13 0.12 0.08 0.03
P205 0.04 0.08 0.17 0.19 0.21 0.42 0.37 0.24 0.05 0.10 0.11 0.11 0.08 0.03 0.03
Ci 2112 604 1548 1272 1217 1215 972 1067 700 482 136 2200 1800 4080 4230
Ni 461 174 314 457 355 349 180 175 159 79 53 510 480 718 725
\Y; 116 106 151 158 169 141 194 162 106 196 137 n.d. n.d. 100 100
Cu 109 <20 <20 197 170 24 <20 <20 77 231 <20 <10 140 <10 <10
Pb <20 <30 <30 <30 <30 <30 <30 <30 <20 <30 <30 n.d. n.d. n.d. n.d.
n 95 115 118 109 135 214 145 136 78 111 98 <10 10 101 121
Co n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 42 43 104 108
Sn <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 n.d. n.d. n.d. n.d.
Mo <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 n.d. n.d. n.d. n.d.
S 0.28 0.00 0.01 0.45 0.30 0.10 0.05 0.18 0.14 0.05 0.00 0.00 0.01 0.02 0.01
As <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 n.d. n.d. n.d. n.d.
Rb 24 83 30 40 63 98 37 56 76 15 68 n.d. n.d. n.d. n.d.
Ba 92 435 98 194 283 395 362 379 137 226 920 n.d. n.d. n.d. n.d.
Sr 328 167 249 211 201 183 320 294 563 353 259 n.d. n.d. n.d. n.d.
Ga <20 21 <20 21 <20 <20 21 20 <20 <20 22 n.d. n.d. n.d. nd.
Nb <10 <10 <10 <10 <10 <10 <10 11 <10 <10 13 nd. n.d. n.d. n.d.
Ir 12 22 30 73 100 14 148 84 21 47 187 n.d. n.d. n.d. n.d.
\% <10 10 14 16 21 13 27 15 <10 17 32 n.d. n.d. n.d. n.d.
Th <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 1 n.d. n.d. n.d. n.d.
La <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 50 n.d. n.d. n.d. n.d.
Ce <30 n.d. n.d. n.d. n.d. n.d. n.d. n.d. <30 n.d. n.d. n.d. n.d. n.d. n.d.
Cl 60 45 46 59 49 120 59 59 73 97 65 nd. n.d. n.d. nd.




Appendix 1. Continued 13/22.

Occurrence PIHLAJASALO

Sample 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197
Lithology PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD PRD GB GB
SiO2 44.55 44,93 44.58 45.32 43.50 45.80 46.56 47.15 4511 44,87 45.16 4513 46.82 52,33 50.95
TiO2 0.15 0.21 0.17 0.20 0.22 0.21 0.20 0.17 0.24 0.34 0.26 0.37 0.44 0.74 1.73
AlI203 2.79 3.72 3.03 220 3N 3.15 3.20 3.25 4.32 5.16 4.34 4.59 5.98 7.57 156.31
FeOtot 12.53 11.58 12.12 11.76 12.42 10.73 11.87 11.89 11.70 11.09 12.38 12.66 10.66 9.83 12.50
MnO 0.15 0.18 0.17 0.19 0.19 0.18 017 0.19 0.17 0.18 0.18 0.20 0.18 0.17 0.18
MgO 36.00 35.65 35.40 34.84 34.33 32.92 3221 31.97 31.39 31.10 30.99 30.69 27.58 17.03 7.64
CaO 351 3.1 424 521 523 6.68 5.28 4.78 6.37 6.62 6.09 5.87 7.80 11.10 7:39
Na20 0.15 0.18 0.16 0.18 0.19 0.22 0.33 0.30 0.36 0.40 0.36 0.31 0.38 0.00 2.18
K20 0.13 0.40 0.08 0.06 0.15 0.08 0.17 0.28 0.28 0.19 0.19 0.13 0.12 119 1.56
P205 0.05 0.04 0.05 0.05 0.06 0.03 0.02 0.02 0.05 0.05 ‘0.07 0.05 0.06 0.03 0.58
&g 4360 4000 4100 3860 3200 3380 3330 3450 3600 2900 2990 2980 2500 1500 270
Ni 746 656 731 620 628 539 657 642 630 588 623 8561 504 190 130
Vv 90 90 120 130 120 180 140 110 160 170 150 160 200 nd. n.d.
Cu <10 <10 <10 <10 <10 22 29 4] a4 28 35 33 32 120 80
Pb n.d. mids n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. nd. n.d. n.d. n.d. n.d.
n 105 133 116 116 101 97 112 127 105 89 112 117 87 30 60
Co 106 91 111 100 103 92 109 108 100 93 102 96 82 40 30
Sn n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Mo n.d. n.d. nd. nd. n.d. n.d. n.d. n.d. n.d. . n.d. n.d. n.d. n.d. n.d.
S 0.03 0.02 0.02 0.04 0.04 0.09 0.12 0.17 0.1 0.13 0.12 0.31 0.39 013 0.14
As .. 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. nd.
Rb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Ba n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Sr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. nid. n.d. n.d. n.d.
Ga n.d. mid. 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.
Nb 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.
r 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.
Y 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.
Th 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.
La 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. nd. n.d.
Ce n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Cli n.d. n.d. n.d. nid, n.d. n.d. n.d. n.d. nid; n.d. n.d. n.d. n.d. n.d. n.d.
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Occurence PIHLAJASALO | RAHUARVI
Sample 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
Si02 49.44 48.04 49.25 49.24 55.56 55.69 60.52 54.53 61.23 56.49 56.53 57.10 54.81 52.36 49.50
TiO2 1.21 2.70 2.65 1.77 1.42 207 1.01 2.34 0.95 223 2.32 2.12 295 0.89 0.76
Al203 19.21 14.22 16.16 18.05 17.41 17.50 17.71 17.62 17.48 17.30 17.26 17.26 14.94 8.84 20.68
FeOftot 10.95 10.87 12.81 12.86 8.55 9.37 6.78 9.82 6.76 9.14 8.86 9.04 9.84 12.23 8.05
MnO 017 0.14 0.17 0.20 0.09 0.12 0.08 0.13 0.06 0.11 0.1 0.11 0.15 0.19 0.14
MgO 7.59 6.27 6.02 5.62 4.82 3.73 3.64 3.60 3.31 3.21 3.10 3.01 245 20.01 8.04
CaO 8.08 10.01 8.48 8.47 6.27 6.72 532 6.73 4.89 6.19 6.44 6.11 6.25 2.34 9.18
Na20 2.30 2.10 2.36 2.65 3.17 241 242 2.70 3.22 1.90 2.83 2.12 3.7 0.43 1.99
K20 0.86 4,02 12 0.88 218 1.72 2.14 1.55 1.84 2.49 155 2.23 3.95 253 1.43
P205 0.21 1.62 0.88 0.28 0.52 0.65 0.37 0.98 0.26 0.93 1.00 0.92 1.50 0.18 0.23
Cr 86 150 110 48 110 32 99 23 100 24 25 25 51 1784 362
Ni 69 120 30 52 50 20 40 10 30 10 20 10 20 793 115
\% 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. 151 175
Cu 44 50 30 44 50 20 20 20 20 20 30 40 30 <20 44
Pb n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <20 <20
n 120 130 50 150 80 60 80 70 80 80 100 90 180 188 134
Co 7 40 20 71 20 20 20 20 20 20 20 20 20 n.d. n.d.
Sn n.d. n.d. n.d. n.d. nd. n.d. nd. n.d. n.d. n.d. n.d. n.d. nd. <20 <20
Mo 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. <10 <10
S 0.13 0.48 0.10 0.15 0.13 0.07 0.07 0.10 0.05 0.07 0.14 0.10 0.48 0.00 0.37
As 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. 30 <30
Rb 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. 262 130
Ba 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. 858 278
Sr 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. 37 580
Ga 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. <20 21
Nb 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. 16 <10
Ir 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. 210 41
Y nd. n.d. n.d. n.d. n.d. n.d. n.d. mid. n.d. n.d. n.d. n.d. n.d. 32 13
Th nd. n.d. n.d. n.d. n.d. n.d. n.cl n.d. n.d. n.d. n.d. n.d. n.d. <10 <10
La n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nid: n.d. n.d. n.d. n.d. 47 <30
Ce 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. 80 44
(&) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. /0! n.d. n.d. n.d. 102 160
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Occurrence RAHIJARVI

Sample 213 214 215 216 217 218 219 220 221 222 223 224 225 226
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 49.33 46.28 46.97 48.79 46.24 54.30 49.62 48.30 47.02 49.33 46.35 47.70 48.07 49.41

TiO2 0.73 1.80 1:44 0.90 1.71 0.50 1.08 1.78 2.72 2.02 2.03 1.29 0.97 2.01

Al203 18.72 17.25 19.50 21.36 18.26 19.02 22.30 o7 21.50 21.30 21.87 23.22 23.33 21.99
FeOtot 9.55 12.89 11.05 10.47 12.90 8.11 8.43 11.66 11.40 9.83 11.28 8.62 10.47 10.32
MnO 0.15 017 0.14 018 0.16 0.13 0.06 0.17 .18 0.11 0.12 0.1 0.12 0.12
MgO 7.73 7.0 6.88 6.48 6.27 6.03 5.98 5.05 504 4.88 4.64 450 3.45 2.75
CaO 11.38 11.55 11.54 9.69 11.79 9.44 452 10.60 7.96 7.46 8.17 10.98 8.72 7.83
Na20 1.76 217 1.64 1.27 1.68 1.34 3.70 2.31 2.40 2.69 2.40 2.03 2.64 3.61

K20 0.60 0.56 0.60 0.47 0.40 1.00 4,22 0.45 1.58 1.93 218 1.18 1.62 1.21

P205 0.06 0.23 0.24 0.38 0.58 0.12 0.09 0.51 0.27 0.45 0.95 0.39 0.63 0.76
cr 324 204 183 363 116 242 229 108 109 124 90 141 138 55
Ni 31 23 35 30 26 47 173 25 66 51 48 33 30 25
\ 237 558 282 232 400 122 251 313 262 279 309 268 19 176
Cu 88 58 <20 <20 68 62 240 79 223 120 62 38 53 41
Pb <20 <20 <20 <20 <20 21 28 <20 <20 22 <20 <20 <20 <20
Zn 97 129 121 137 161 116 294 173 126 139 133 114 134 138
Co 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.
Sn <20 <20 <20 <20 34 <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo <10 <10 <10 <10 <10 <10 12 <10 <10 <10 <10 <10 <10 <10
S 0.11 0.20 0.05 0.01 0.26 0.13 412 0.32 0.47 0.24 0.15 0.17 0.13 0.08
As <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb 31 <10 28 46 <10 63 252 22 59 82 53 75 57 53
Ba 477 273 386 255 248 729 794 695 1026 1881 3352 745 4961 2873
Sr 573 541 875 467 578 597 466 544 743 638 894 749 777 886
Ga 22 24 24 27 27 22 27 27 27 31 23 28 29 25
Nb <10 <10 <10 <10 <10 <10 17 <10 11 18 <10 11 <10 <10
Zr 85 86 74 23 104 337 165 1m 216 237 148 153 1352 1752
Y 13 13 13 <10 1) 15 15 17 11 16 14 21 <10 16
Th <10 <10 <10 <10 <10 <10 12 <10 <10 <10 <10 <10 <10 <10
La 32 31 45 <30 43 62 60 46 45 50 71 41 66 94
Ce 42 59 69 43 71 106 102 83 72 93 116 104 99 156
Cl 50 151 79 51 81 52 1434 169 119 150 85 109 65 96
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Occurrence | RANTALA

Sample 227 228 229 230 231 232 233 234 235 236 237 238 239 240
Lithology UMAF  UMAF  UMAF UMAF UMAF UMAF  UMAF GB GB GB GB M.DYKE GB GB

SiO2 45.82 45.94 49.34 47.63 48.85 50.27 50.80 50.17 47.02 47.46 49.74 47.85 49.81 50.12

TiO2 0.31 0.37 0.57 0.50 0.49 0.69 0.62 0.63 2.00 1.43 0.60 1.75 0.58 0.64

Al203 6.89 7.05 7.16 7.96 745 8.04 9.63 10.22 11.68 12.35 17.73 15.03 17.87 17.97

FeO 13.81 13.54 10.41 11.49 10.13 9.21 9.41 11.68 12.98 12.45 8.44 12.72 8.63 8.78

MnO 0.24 0.22 0.19 0.20 0.17 0.16 0.19 0.22 0.21 0.21 0.15 0.19 015 0.15

MgO 26.18 25.22 21.88 20.52 18.24 18.04 16.36 15.66 13.51 13.03 10.63 10.52 9.52 9.20

CaO 6.73 6.82 9.34 10.53 13.21 11.90 11.75 9.80 10.54 10.30 10.15 9.53 10.79 10.00

Na20 0.86 0.66 0.83 0.93 0.91 1.36 0.96 1.12 1.07 0.80 1.77 0.53 2.03 2:51 ;
K20 0.11 0.14 0.23 0.19 0.18 0.26 0.24 0.47 0.78 1.79 0.76 1.62 0.56 0.56 2.21
P205 0.04 0.05 0.05 0.04 0.06 0.07 0.04 0.03 0.21 0.18 0.05 0.26 0.05 0.07 0.07
Cr 980 1297 2580 2106 2110 2200 1248 939 853 761 305 560 206 178 263
Ni 1300 974 1638 2368 2416 2600 408 385 349 396 83 187 71 60 53
Y, n.d. 152 244 282 306 n.d. 544 397 287 322 305 333 314 278 291
Cu 490 239 567 1064 1324 1300 148 938 152 24 78 32 32 25 49
Pb nid. <20 <20 <20 22 n.d. <20 <20 <20 <20 <20 20 <20 <20 <20
n <10 75 98 68 66 n.d. 65 125 119 113 66 131 70 77 84
Co 100 118 109 158 151 34 77 90 85 83 50 61 52 46 55
Sn n.d. <20 <20 <20 <20 n.d. <20 <20 <20 <20 <20 <20 <20 <20 <20
Mo n.d. <10 <10 <10 <10 n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10
S 0.60 0.31 1.05 1.37 1.59 1.72 0.26 0.76 0.22 0.03 0.19 0.1 0.09 0.09 0.12
As n.d. <30 <30 <30 <30 n.d. <30 <30 <30 <30 <30 <30 <30 <30 <30
Rb nd. <10 <10 <10 <10 Bl <10 13 27 <10 27 76 19 19 73
Ba n.d. 30 29 39 41 n.d. 49 74 119 220 88 147 62 78 127
Sr n.d. 92 28 83 95 n.d. 115 84 167 92 251 139 294 280 214
Ga 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.
Nb nd. <10 <10 <10 <10 n.d. <10 <10 28 25 <10 16 <10 <10 <10
Ir n.d. 26 37 33 33 n.d. 34 4] 163 96 38 150 47 83 61
¥ n.d. <10 10 <10 11 n.d. 13 13 23 22 <10 27 12 13 16
Th n.d. <10 <10 <10 <10 n.d. <10 <10 <10 <10 <10 <10 <10 <10 <10
La n.d. <30 <30 <30 <30 n.d. <30 <30 <30 <30 <30 <30 <30 <30 <30
Ce n.d. <30 <30 <30 <30 n.d. <30 <30 53 54 <30 52 <30 <30 30

Cl n.d. 245 90 117 90 n.d. 39 75 91 212 86 70 33 62 112
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Occurrence —I RANTALA RANTAVUORI RAUTJARVI

Sample 242 243 244 245 246 247 248 249 250 251 252 253 254 255
Lithology MARG. GB GB GB GB GB GB UMAF  UMAF UMAF UMAF UMAF UMAF  UMAF
SiO2 48.97 54.77 52.77 51.33 57.83 53.95 60.00 50.27 51.30 50.10 49.96 49.76 50.89 51.57
TiO2 1.36 1.24 1.56 1.47 1.28 1.51 0.84 0.62 0.64 0.78 0.76 0.78 0.73 071
Al203 16.27 17.14 17.58 17.00 18.44 19.34 20.26 7.39 6.60 8.07 7.77 8.10 7.79 L
FeO 13.48 10.74 8.64 8.84 ¥l l74 7.79 4.33 9.38 9.49 10.45 10.61 10.96 10.10 10.26
MnO 0.21 0.16 0.12 0.09 0.08 0.10 0.05 0.15 0.16 0.18 0.18 0.18 0.18 0.17
MgO 8.45 5.87 4.46 4.02 3.24 3.06 1.93 21.92 20.89 20.78 20.71 20.28 19.86 19.28
CaO 9.99 6.14 6.75 7.00 6.01 5.46 391 9.22 9.86 8.57 9.22 9.04 8.60 8.56
Na20 0.89 2.29 3.86 4.13 3.70 4.85 595 0.81 0.85 0.66 0.49 0.58 0.44 0.48
K20 0.26 1.54 2.33 3.31 1.82 2.88 2.38 0.09 0.09 0.23 0.15 017 1.29 1.12
P205 0.1 0.10 1.92 2.81 0.42 1.06 0.35 0.15 0.13 018 0.15 0.14 0.14 0.14
Cr 370 145 51 22 50 13 31 2100 2400 1900 1800 2000 2000 2300
Ni 204 529 30 30 10 <10 10 460 670 410 420 340 340 220
\% 282 224 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cu 64 659 40 10 <10 20 10 71 85 42 92 57 <10 <10
Pb 21 22 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nid, n.d. n.d.
n 106 143 60 100 60 70 70 <10 <10 <10 <10 <10 20 <10
Co 62 68 20 20 10 20 20 39 49 29 42 31 29 25
Sn <20 <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.
Mo <10 <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.
S 015 0.89 0.18 0.07 0.06 0.25 0.11 0.13 0.27 0.11 0.17 0.09 0.00 0.00
As <30 <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.
Rb <10 63 n.d. n.d. n.d. n.d. nid: n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ba I 7 262 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sr 215; 239 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ga 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.
Nb <10 11 nid. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d,
Vig 79 94 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Y 22 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.
Th <10 <10 nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
La <30 33 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ce 40 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.
Cl 58 73 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 18/22.

Occurrence RIETSALO

Sample 256 257 258 259 260 261 262 263 264 265 266 267 268 269 270
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 5115 52.67 53.01 52.02 52.20 53.51 57.45 53.24 52.69 52.92 52.86 46.06 48.40 57.26 57.03
TiO2 0.77 1.00 0.99 0.94 1.08 1.08 1.13 1.52 1.53 1.58 1.58 3.67 1.58 1.22 1.23
Al203 15.76 13.70 14.28 15.70 16.07 17.80 15.89 16.81 17.74 18.83 17.77 17.93 21.65 17.97 17.91
FeO 8.84 10.80 10.28 10.92 10.16 912 9.10 10.05 9.30 9.57 11.09 11.20 12.09 7.74 8.45
MnO 0.15 0.16 0.14 0.15 0.14 0.13 0.12 0.156 0.12 0.13 0.16 0.18 0.1 0.10 0.11
MgO 11.96 11.47 10.94 9.70 8.93 6.62 6.61 6.53 555 5.36 525 5.05 5.03 4.68 4.59
CaO 7.86 6.38 6.84 8.01 7.84 7.94 5.75 8.13 7.28 7.45 8.50 10.75 4.48 5.68 6.09
Na20 1.42 223 1.90 1.31 2.00 2.62 1.46 0.70 1.90 233 1.44 2.26 3.07 2.88 2.54
K20 1.84 1.39 1.37 091 1.29 091 1.72 221 2.59 1.41 0.95 0.76 3.54 2.09 1.72
P205 0.27 0.22 0.24 0.33 0.29 0.28 0.78 0.64 1.31 0.43 0.41 215 0.06 0.38 0.33
Cr 870 590 630 440 350 150 230 140 81 130 45 38 180 160 160
Ni 100 140 250 2740 110 60 100 60 50 40 30 80 90 60 50
\% n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d.
Cu <10 80 160 1010 60 50 <10 30 60 40 60 360 100 60 30
Pb 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 40 30 30 30 30 30 70 60 80 50 30 20 150 70 50
Co 20 20 30 90 20 20 20 30 30 20 20 50 30 20 20
Sn n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Mo n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d.
S 0.08 0.09 0.15 1.43 0.13 0.13 0.04 0.16 0.19 0.09 0.13 0.90 0.20 0.17 0.09
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d.
Rb 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.
Ba n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sr 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.
Ga n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d.
Nb nd. 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.
Zr n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
¥ n.d. n.d. n.d. (3% 3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Th n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
La n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. nd. n.d. n.d. n.d. nd. n.d.
Ce n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cl n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.




Appendix 1. Continued 19/22.

Occurrence RIETSALO SIIKAVESI

Sample 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 57.72 58.47 58.43 60.44 57.75 58.67 58.78 59.29 59.68 56.45 50.80 53.19 51.01 51.23 51.98
TiO2 1.15 1.20 1.04 1.03 1.16 1.16 1.19 1.24 1.37 1.12 3.69 0.50 1.15 0.40 0.45
AI203 18.38 18.32 18.74 17.30 18.05 18.34 18.40 17710 17.38 20.34 13.78 10.60 9.29 15.13 16.74
FeO 8.25 8.29 7.43 6.88 7.99 7.52 7.26 7.08 7.76 7.29 11.24 11.69 16.01 10.00 8.49
MnO 0.09 0.07 0.09 0.10 0.09 0.08 0.08 0.09 0.10 0.06 013 0.18 0.20 015 0.14
MgO 459 442 441 433 3.91 377 375 3.58 3.54 3.28 3.10 16.68 14.08 13.97 .23
CaO 5.44 4.65 6.33 6.06 5.49 4.86 5.47 594 5.66 5.19 7.29 531 5.38 7.60 8.27
Na20 2.48 2.25 0.45 1.84 3.05 2.99 244 2.37 2.03 4.43 2.02 091 0.65 0.40 1.26
K20 1.90 27 2.81 1.75 2.08 2.49 2.44 234 214 2.59 5.81 0.95 2.00 1.05 1.31
P205 0.00 017 0.27 0.28 0.46 0.13 0.19 0.37 0.34 0.25 214 0.00 0.23 0.07 0.12
Cr 170 150 91 120 110 150 92 110 89 110 26 1300 1100 880 510
Ni 60 70 40 40 40 50 40 40 30 50 10 50 4620 170 60
\% nid. 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.
Cu 70 80 20 10 30 50 50 10 10 50 40 <10 450 110 60
Pb 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.
Zn 70 90 80 60 80 90 80 70 80 120 140 20 100 20 20
Co 20 30 30 20 20 20 20 20 20 30 20 10 220 40 30
Sn n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. ja¥o n.d. n.d. n.d.
Mo n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. nd. nd. n.d. n.d. n.d. n.d. n.d.
S 0.15 0.21 0.03 0.07 0.06 0.10 0.16 0.07 0.06 0.24 0.33 0.05 2.80 0.29 0.13
As n.d. nd. 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.
Rb 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.
Ba n.d. nd. n.d. n.d. n.d. n.d. n.d. nidl. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sr n.d. n.d. n.d. md. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ga n.d. nd. 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.
Nb 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.
Zr m.d, n.d. n.d. n.d. el n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Y 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. .
Th n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. gk n.d. n.d. n.d.
La 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.
Ce n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. m.dl n.d. n.d.
(®] n.d. nd. 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.



Appendix 1. Confinued 20/22.

Occurrence | SIKAVES! | SIKASAARI

Sample 286 287 288 289 290 291 292 293 294 295 296 297 298 299 300
Lithology GB GB GB GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 53.12 §1.31 50.60 50.25 50.54 46.96 51.68 52.25 53.59 49.05 64.52 59.47 59.70 58.52 60.15
TiO2 0.78 0.29 1.38 0.30 1.49 3.06 1.02 1.28 1.33 3.01 0.73 0.97 1.04 1.07 1.05
Al203 16.72 21.15 17.75 22.94 19.04 1377 19.78 18.70 19.31 16.89 17.93 17.35 17.41 18.16 17.86
FeO 9.38 6.39 10.63 551 9.64 16.12 8.44 10.80 9.89 13.79 455 7.70 7.82 725 713
MnO 0.15 0.10 0.17 0.08 0.16 0.25 0.14 0.13 0.09 0.21 0.05 0.10 0.09 0.08 0.09
MgO 9.21 7.52 6.49 6.16 5.67 5.49 5.47 5.06 4.46 3.37 2.15 416 3.90 3.81 3.54
CaO 6.50 1013 9.00 11.87 9.16 9.52 9.39 7.07 4,28 8.84 5.07 §73 451 4.80 4.81
Na20 1.91 2.10 2.18 1.66 2.82 177 2.51 3.06 3.54 292 3.20 2.74 3.21 3.57 3.01
K20 1.74 0.94 1.47 1186 1.06 1.12 1.31 1.37 3.36 0.78 1.63 1.48 206 237 2.10
P205 0.49 0.07 0.36 0.07 0.42 1.95 0.26 0.29 0.15 1.14 0.17 0.30 0.18 0.36 0.27
(G 350 280 110 200 78 13 95 110 130 16 20 130 97 140 110
Ni 100 50 20 70 10 10 20 40 70 <10 10 30 50 40 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. n.d. n.d. n.d.
Cu 30 30 40 30 30 80 40 10 70 60 <10 30 50 20 60
Pb 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 40 20 30 20 30 50 30 50 110 40 50 50 80 70 70
Co 20 10 20 20 10 30 20 20 30 20 10 20 20 20 20
Sn 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.
Mo i n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S 0.13 0.09 0.18 0.12 0.12 0.45 0.18 0.07 0.27 0.51 0.06 0.09 0.13 0.10 0.15
As n.d. n.d. n.d. n.d. nigl: n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Rb n.d. md. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ba 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.
Sr n.d. n.d. n.d. n.d. n.d. n.d. nid. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ga n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d.
Nb 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.
Zr 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.
Y n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. nid. n.d.
Th n.d. o8 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.
La n.d. nd. 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.
Ce 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.

Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nid n.d. n.d. n.d. n.d. n.d.




Appendix 1. Continued 21/22.

Occurence | SIKASAARI | SYOMAJARVI | TURUNEN | VEKARAINEN

Sample 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315
Lithology GB GB GB GB GB GB PRD PRD PRD PRD GB GB GB GB GB
SiO2 61.23 60.32 52.36 5521 51.64 53.95 44.43 43.82 45.88 48.82 51.49 50.64 54.15 50.09 50.39
TiO2 1.09 1.11 1.13 0.74 1.89 0.61 0.23 0.25 0.43 0.66 0.65 0.68 0.90 0.90 1.12
Al203 17.72 18.11 17.41 16.96 172.15 19.04 2.73 3.79 5.36 5.03 14.40 156.91 16.64 18.18 18.11
FeO 6.61 6.77 9.71 7.93 11.02 8.79 16.92 15.23 14.38 12.24 10.24 10.62 10.58 11.62 10.79
MnO 0.08 0.08 0.14 0.13 0.18 0.16 0.24 0.22 0.22 0.20 0.17 0.17 0.16 0.18 015
MgO 3.50 3.19 777 713 6.56 6.34 30.28 30.19 23.49 20.57 13.44 11.84 8.95 8.53 8.09
CaO 5.20 5.50 9.09 9.1 9.76 7.70 6.18 6.50 9.84 11.57 77 7.33 5.75 71.22 8.11
Na20 2.54 3.31 1.51 135 0.51 1.80 0.00 0.00 0.30 0.68 0.93 0.98 0.90 1.49 1.71
K20 1.70 1.29 0.76 1.29 0.73 1.39 0.00 0.00 0.09 0.18 1.25 1.46 1.64 1.34 1.20
P205 0.31 0.33 0.11 0.16 0.55 0.22 0.00 0.00 0.00 0.05 0.26 0.38 0.35 0.45 0.34
Cr 78 54 460 490 300 350 >390 >660 >570 >650 690 520 460 280 250
Ni 40 20 40 10 10 20 670 740 610 620 100 110 90 80 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. n.d. n.d. n.d.
Cu 30 40 50 <10 20 <10 260 180 130 190 50 70 60 50 40
Pb n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
n 60 50 30 30 20 50 110 120 130 100 20 30 40 30 20
Co 20 10 20 10 10 20 170 170 130 120 30 30 30 20 20
Sn 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.
Mo n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. . n.d. n.d. n.d. n.d.
S 0.08 0.09 0.04 0.05 0.04 0.03 0.37 0.25 0.27 0.20 0.18 0.30 0.21 0.14 0.14
As 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.
Rb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Ba n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Sr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Ga 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.
Nb 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.
r 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.
Yy nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. g0 n.d. n.d.
Th nd. nd. n.d. n.d. n.d. n.d. n.d. nid. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
La n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nid: nd. n.d.
Ce nd. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d.
€l n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.




Appendix 1. Continued 22/22.

Occurrence VEKARAINEN VIRMAANLAHTI

Sample 316 317 318 319 320 321 322 323 324 325 326 327
Lithology GB GB GB GB GB GB GB GB GB GB GB GB
SiO2 51.68 49.41 48.65 51.74 §7.29 53.53 54.24 55.88 53.16 52.06 54.73 52.92
TiO2 1.10 1.16 1.74 1.1 0.65 0.54 0.55 0.52 0.62 0.74 0.81 0.63
Al203 17.23 19.03 20.07 16.69 18.45 8.13 8.01 8.76 10.35 11.83 12.01 1511
FeO 10.93 9.90 16127 11.32 6.87 13.12 13.38 12.48 12.14 10.96 10.51 8.84
MnO 0.13 0.12 0.19 0.13 0.09 0.19 0.19 0.18 0.18 0.16 0.15 0.13
MgO 7.18 7.00 6.92 6.49 5.61 19.15 18.53 16.99 16.03 14.13 12.84 9.99
CaO 7.01 7.65 4,78 6.61 6.51 4.05 3.92 3.86 5.86 2.37 6.89 9.48
Na20 1.90 2.23 1.06 2.28 2.33 0.00 0.14 0.17 0.48 122 0.30 1.64
K20 1.96 247 1.26 1.56 1.77 1,12 0.87 1.02 1.02 1.05 1.47 1.04
P205 0.89 1.03 0.07 0.06 0.43 0.18 017 0.14 0.17 0.48 0.29 0.22
Cr 210 130 230 170 110 1900 1800 1700 1500 1500 980 690
Ni 60 30 130 100 40 900 820 390 340 100 160 70
Vv n.d. nd. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d.
Cu 50 20 120 100 20 290 280 110 120 10 110 40
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
n 40 50 60 50 40 30 30 30 20 30 30 20
Co 20 30 40 30 20 70 60 40 30 10 30 10
Sn n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Mo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d.
S 0.17 0.19 0.43 0.38 0.08 0.75 0.50 0.25 0.24 0.06 0.20 0.10
As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Rb n.d. n.d. n.d. n:d. n.d. el n.d. n.d. n.d. n.d. n.d. n.d.
Ba n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ga n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. i, n.d. n.d. n.d.
Nb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Zr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Y n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Th n.d. n.d. n.d. n.d. n.d. n.d. nid. n.d. n.d. n.d. n.d. n.d.
La n.d. n.d. n.d. n.d. n.d. n.dli n.d. n.d. n.d. n.d. n.d. n.d.
Ce n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d.
Cl 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. Microprobe analyses of olivine and orthopyroxene. PRD=peridotite, GB=gabbro, UMAF_uItromaﬁc

lava and sill. Fo and En in m- % Ni, Co and Cu in ppm. | |
|
Occurrence Sample uthology Fo Ni(ol)| Co(ol), Cu(ol) En _Ni(opx) Co(opx) Cu(opx)
KEKONEN 1 [PrRD 7540 1120 260 80.02 230 190
2 |prD 7283 1340 340 | 7775 220 110
3 |prD 72.59 800 | 7620 200 L
4 __|PrRD 71.63 780 | 7814 170
KISKILANKANGAS 5 [cB 80.27 150 8252  <100] |
6 |PrD 77.28 280 8373 <100 B
7 |PrD 76.68 880 260| ‘
8 |PRD 75.44 230 80.36 <100
9 |PrRD 75.12 330 320 8040 <100 160
10 |PRD 74.89 480| | 7894 110
11__|PRD | | 8014 <100
LEVANOMAINEN 12 [UMAF 73.27] 2500/ | 7847 500
LUMPEINEN 13 [PRD 77.95 470 <100] 260 -
14 |PRD 77.72 380 290 [
15 [PRD 77.51 550 o
16 |PRD 77.18 430 ) L
17 |PRD 76.61 410 ]
18 |PRD 76.55/ 360 ]
19 |PRD 7634, 310 <100 )
20 |PRD 7626 260 ! |
21 [PrD 76.19| 380/ | |
77777 22 |prD 76.14] 360 [
23 |PrD 75.92 340 I8
24 |PRD 75.83 310] L |
25 [PRD 75.72 360 ; L -
26 |PRD 75.53 320 L .
27 |PRD 75.51| 270 HD ]
28 |PRD 75.44| 650 -
29 |[PRD 75.36, 270 o t N
30 [PRD 75.08 310 ]
31 |PRD 74.72 260 - _
32 |PRD 7470 370 1 .
33 |PRD 74.62 330
34 |PRD 74.35 290 ) e
35 |PRD 73.91] 180 320 -
36 |PRD 73.79| 260 280 I i
37 |PRD 73.65] 280 310 [ )
38 |PRD | 73.65/ 340 | ] L
39 [PRD 73.49 250 | B
40 |PRD 73.39 250, il
41 |PRD 73.35 300 I i
42 |PRD 73.28 300 1
43 |PRD 73.15 320/ [ ]
44 |PRD 73.02 220 230 B
45 |PRD | 7293 290, 1 B
46 |PRD 72.68 320, 330 )
| 47 |PrD 7262 3100 | S
48 |PRD 72.42 340 | B
49 |PRD 72.07 310 340 | I
50 |PRD 71.86 310 ‘ | i
B 51 |PRD | 71.80] 310 250, I
52 |PRD 7157 270 L I |
53 _[PRD 71.43 270]




Appendix 2. Continued 2/4. [ | \ |
} T
Occurrence Sample |Lithology Fo Ni(ol). Co(ol) Cu(ol)| En_Ni(opx)| Co(opx)| Cu(opx)
LUMPEINEN 54 |PRD 71.36 260 \
55 |PRD 70.84 280
56 [PRD 70.18 140
57 |PRD 69.22 410 i
58 |PRD 68.89 330 [
59 |PRD 66.12 300
MYLLYNKYLA & [UMAF 71.23] 2080 330 \ \
61 |UMAF 68.03 1670 i |
NINIMAKI E 62 |PRD 82.11 940 2200 83.40 260/ <100
63 |PRD 81.85 1270 83.56 350 320
64 |PRD 81.64 960 140| 8338 220 210
65 |PRD 81.49 1170 1
6 |PRD 81.28 990 190, 8296 270 | 330
67 |PrRD 81.25 1060 4200 8258 210| ‘ 230
68 |PRD 81.04 1060 <100| 8253 200 320
69 |PRD 80.22 890
70 __|PRD 77.73 970 80.35 360 120
NINIMAKI W 71 |[PRD 80.32 560 82.51 260 [
72 |PRD 80.21 530 82.31 160 |
73 |PRD 79.70 770 | |
74 |PRD 79.36 860 81.31 <100 ‘ 180
75 |PRD 78.58 750 210 { \
76 |PRD 77.49| 950 130 |
PAKINMAA 77 |UMAF 76.16] 2520 80.40 410 ]
78 |UMAF 7398 2090 290 78.16 340 140
PIHLAJASALO 79 |PRD | 8478 900 1 1
80 |PRD 84.63 1010 ‘
81 |PRD 84.31 990
82 |PRD 84.19 930 210
83 |PRD 83.07 930 200
84 |[PRD 82.03 900
85 [PRD 81.84 690 210 [
86 |PRD 81.70 690 [
87 |PRD 81.37 650 7 ? 1
88 |PRD 81.24 640 ] }
89 |PRD 81.09| 780, 240 | L
%0 |PrRD 80.23] 1360 310 [ \
91 |PRD 80.22 380
92 |PRD | 79.44 800 -
93 |PRD | 7887 210
94 |PRD | 7886 460 230 § :
95 |PRD 76.68 760
RANTALA 9 |UMAF 78.67 580 81.21 100] |
97  |UMAF 74.00] 630] ; l
98 |UMAF 72.41 700 7910 120 [
99 |UMAF 70.09 570 |
100 [UMAF 67.97 760 <100 7661 120 160 B
101 |UMAF 65.85 730 410 ) B
102 |UMAF | 9379/ <100
RAUTJARVI 103 |UMAF | 7328 1190 | 7888 250
104 |UMAF | 6994 1090 7721 210
105 |UMAF 69.77 1100 350 76.20 210 120 —
106 |[UMAF | 6901] 1020 7653 210|
107 [umAF | | 73.50| 310/ |




S |

Appendix 2. Continued 3/4.
Occurrence Sample |Lithology | Fo(m-%) Ni(ol)| Co(ol)| Cu(ol) En| Ni(opx) Co(opx) Cu(opx)
RAUTJARVI 108 [UMAF 76.82 190
109 |UMAF 73.31 410
SAARIJARVI N 110 [PRD 79.45 810 80.65 210
B 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] 8242 220 140 170
143 |PRD 76.68 1220 80.87 250
147 |PRD 76.51 1330 | 8147 20
= 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 %00 79.98 160
B 162 |PRD 74.85) 940 78.96 190
164 |PRD 7431 1260 78.36 260
165 |PRD 7429 1140 79.79 210
SAARIJARVI S 112 [PRD 78.66 1300 82.50 260
113 |PRD 78.59 1340 290 | 8375 340 110
118 |PRD 78.12 1340 | 8349 380 180
119 |PRD 78.09 1310 80.97 220
i 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 | 7663 1350 79.61 260 ]
146 |PRD 76.56 1240 60| 8145 260 | 130
152 [PRD 7630 1360 81.99 2000 |
153 |PRD 76.26 1140 79.43 210
155 |PRD 76.18 1290 140]  79.96 220 <100




Appendix 2. Continued 4/4.

Occurrence Sample |Lithology  Fo(m-%) Ni(ol)] Co(ol)| Cu(ol) En| Ni(opx) Co(opx) Cu(opx)
SAARIJARVI 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 756.31 620 330
168 |PRD 74.83 780 330
169 [PRD 69.25 860 370
170 |PRD 69.12 780 410




Appendix 3. Whole rock REE-analyses (ppm). GB=gabbro, PRD=peridotite, MARG.=chilled margin, =below detection limit.

Occurrence RIETSALO TURUNEN PIHLAJASALO KEKONEN

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Lithology GB GB GB GB cB GB PRD  PRD GB GB PRD  PRD G8 GB GB GB GB GB

Ce 5290 3750 3990 3670 3100 4100 801 323 3180 4650 646 482 1380 2120 1930 1450 1150  20.80

Dy 489 325 352 326 298 316 180 055 443 605 090 062 218 308 294 226 127 151

Er 276 183 206 184 169 171 091 029 257 354 051 034 138 181 177 134 084 073

Eu 196 137 140 120 110 134 05 018 146 170 025 018 064 100 08 072 050 094

Gd 605 404 447 413 404 399 217 057 443 619 089 067 243 343 324 252 172 202

Ho 096 065 076 071 065 060 032 011 093 127 019 013 047 065 062 046 030 029

La 2400 1750 1820 1640 1350 1870 312 147 1400 2040 286 210 603 959 867 615 516 1030

Lu 034 025 02 025 024 022 011 004 035 054 0070 006 019 027 024 019 011 012

Nd 2910 2050 2280 2040 1860 2230 637 205 1750 2570 378 285 861 1240 1170 886 680 1030

Pr 698 483 517 481 429 522 127 046 411 599 087 068 191 274 255 198 149 258

sm 559 396 436 417 371 412 192 055 360 556 08 059 199 297 270 201 146 203

o 088 059 065 057 059 057 034 010 06 098 015 011 038 053 051 038 02 028

m 038 025 030 029 02 023 011 004 037 053 007 004 02 025 025 018 012 0l

Yb 249 166 191 190 162 151 077 032 253 361 049 028 119 160 164 133 083 072
Occurrence RANTALA [kiskiankancas | wmpenen | NINIMAKI | SAARUARVI | venerexema
Sample 19 20 2] 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Lithology MDYKE  UMAF GB GB MARG.  PRD GB PRD  PRD GB PRD  PRD GB PRD PRD PRD PRD PRD  PRD
Ce 3740 701 903 1210 1820 1690 1240 278 463 1040 1310 524 985 2480 2160 1930 1250 429 802
Dy 477 154 231 236 417 124 160 114 173 09 107 037 080 240 180 166 109 062 070
Er 235 088 143 142 228 074 120 054 097 055 060 021 047 124 094 08 061 031 043
Eu 154 026 054 077 119 052 047 029 062 043 034 023 039 064 055 057 046 02 029
Gd 586 136 219 244 432 167 175 122 204 112 108 042 086 322 235 213 147 072 099
Ho 093 031 045 053 08 024 037 022 039 018 022 0068 016 046 034 032 021 012 016
La 1490 294 380 508 690 784 615 101 152 505 612 267 530 1120 995 855 614 191 377
Lu 035 014 019 023 033 010 017 007 012 009 009 003 009 018 011 011 009 003 004
Nd 2380 443 606 748 1320 901 645 257 48 520 600 212 425 1400 1160 996 664 290 437
Pr 533 101 130 168 278 214 155 047 089 137 15 060 115 324 277 248 157 057 098
Sm 544 116 163 188 331 160 133 099 157 121 124 039 092 306 215 212 147 071 09
o 082 024 034 038 066 025 02 018 034 018 019 0077 013 047 033 030 022 011 013
m 037 013 020 020 031 009 018 008 013 008 009 002 009 018 013 013 010 005 006
Yo 221 08 123 134 222 066 108 051 087 062 052 0120 065 115 083 08 057 032 034



APPENDED MAP

GEOLOGICAL SURVEY OF FINLAND, BULLETIN 386

HOLOGICAL MAP OF THE JUVA AREA

R,

L

Granite and pegmatite/foliated

Tonalite, quartz diorite, granodiorite/foliated
Ultramafic volcanics and hybabyssal rocks Iron Formation
Gabbro and peridotite Calsic interlayers
Mafic and intermediate volcanics Ni-Cu-occurrence
Felsic volcanics and quartz-feldspar gneiss Cu-occurrence
Marble Au-occurrence
Mica gneiss and mica schist/conglomerate Zn-occurrence

5 km

Helsinki

The map is madified after the 1: 100 000 scale
geological maps published by the Geoclogical
Survey of Finland. ISBN 951 '690'630‘3 Compiled by H. V. Makkonen 1996 1

R - 1




Taté julkaisua myy

GEOLOGIAN .

TUTKIMUSKESKUS (GTK)

Julkaisumyynti
02150 Espoo ;

== (90) 46 931
Teleksi: 123185 geolo fi
Telekopio: (90) 462 205

GTK, Villi-Suomen
aluetoimisto
Kirjasto
PL 1237
70211 Kuopio

ooy (971) 205 111
Telekopio: (971) 205215

GTK, Pohjois-Suomen
aluetoimisto
Kirjasto
PL 77
96101 Rovaniemi

= (960) 3297111
Teleksi: 37295 geolo fi
Telekopio: (960) 3297 289

E-mail: info@gst.fi

WWW-address: http:/www.gsE.fi

Denna publikation siljes av

GEOLOGISKA

FORSKNINGSCENTRALEN (GFC)

Publikationsforsiiljning
02150 Esbo

7 (90) 46 931
Telex: 123185 geolo fi’
Telefax: (90) 462 205

GFC, Distriktsbyran for
Mellersta Finland
Biblioteket
PB 1237
70211 Kuopio

= (971205 111
Telefax: (971) 205 215

GFC, Distrikisbyran for
Norra Finland
Biblioteket
PB 77
96101 Rovaniemi .

7 (960) 3297 111
Telex: 37295 geolo fi
Telefax: (960) 3297 289

This publication can be ebtained
from
GEOLOGICAL SURVEY
OF FINLAND (GSF)
Publication sales ;
FIN-02150 Espoo, Finland

7 4358046 931
Telex: 123185 geolo fi
Telefax: +358 0462 205

GSF, Regional office for

Mid-Finland

Library

P.O. Box 1237

FIN-70211 Kuopio, Finland
= +358 71 205 111

Telefax: +358 71 205 215

GSF, Regional office for
Northern Finland
Library
P.O. Box 77
FIN-96101 Rovaniemi

= +358 60 3297 111
Telex: 37295 geolo fi
Telefax: +358 60 3297 289

[SBN 951-690-630-3
ISSN 0367-522X



	 COVER PAGE
	TITLE PAGE
	CONTENTS
	INTRODUCTION
	Location of study area and review of previous investigations
	Objectives and scope of the present study
	Sample material and analytical methods

	REGIONAL GEOLOGICAL SETTING
	GEOLOGY OF THE JUVA DISTRICT
	Lithological descriptions
	Stratigraphical relationships and considerations
	Deformation and metamorphic history

	MAFIC AND ULTRAMAFIC LITHOLOGIES
	Luonteri-Heiskalanmäki zone
	Peridotites
	Differentiated intrusions
	Ultramafic volcanics and sills
	Internal stratigraphy

	Ni-Cu OCCURRENCES
	Mode of occurrence
	Ore mineralogy
	Metal abundances

	WHOLE ROCK GEOCHEMISTRY
	Luonteri-Heiskalanmäki zone
	Peridotites
	UItramafic volcanics and sills and amphibolites

	MINERAL CHEMISTRY
	Luonteri-Heiskalanmäki zone
	Orthopyroxene and hornblende

	Peridotites
	Olivine and orthopyroxene
	Chrome spinel
	Apatite

	Ultramafic volcanics and sills
	Olivine and orthopyroxene


	CHEMISTRY OF SULFIDE FRACTION
	Pyrrhotite and pentlandite
	Arsenides and sulfoarsenides
	Platinum group elements (PGE)

	MAGNESIUM CONTENT OF THE SILICATE MELT
	Methods for determining
	Luonteri-Heiskalanmäki zone
	Peridotites
	Ultramafic volcanics and sills and amphibolites

	GEOTECTONIC SETTING OF MAGMATIC ROCKS
	FRACTIONAL CRYSTALLIZATION AND MAGMATIC DIFFERENTIATION
	Luonteri-Heiskalanmäki zone
	Peridotites
	Ultramafic volcanics and sills and amphibolites

	REE INVESTIGATIONS
	Sm-Nd INVESTIGATIONS
	A CONTAMINATION MODEL
	ORIGIN OF THE JUVA DISTRICT Ni-Cu DEPOSITS
	Intrusive processes
	Separation of sulfide melt
	Crystallization of sulfide melt
	Ore composition and silicate melt chemistry
	The influence of deformation and metamorphism

	DISCRIMINATION BETWEEN BARREN AND MINERALIZED ROCK UNITS
	Olivine
	Orthopyroxene
	Chrome spinel
	Whole rock analytical data

	A COMPARISON BETWEEN Ni -Cu OCCURRENCES OF THE JUVA DISTRICT AND OTHER SVECOFENNIAN OCCURRENCES IN FINLAND
	SUMMARY
	ACKNOWLEDGEMENTS
	REFERENCES
	Appendix 1. Whole rock chemical dala for Ihe Juva area.
	Appendix 2. Microprobe analyses of olivine and orthopyroxene.
	Appendix 3 Whole rock REE-analyses. 
	BACK COVER

