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ABSTRACT

The Lukkulaisvaaraintrusion (U—Pb age: 2442 + 1.9 Ma), in northern Karelia, Russia, bel ongsto the Oulanka plutonic group.
The intrusion cuts rocks of the Archean granite — migmatite — gneiss basement and is disconformably overlain by Proterozoic
metavol canic rocks. Thelayered body does not exceed 4600 m in thickness; data obtained on the structural profile of theintrusion
suggest acompl ete section. Itsweighted-mean composition isequivalent to amagmaof the marianite—boninite series, but whether
or not this composition corresponds to the parental magmais uncertain owing to possible multiphase features of the intrusion. It
is quite possible that large and small lenticular bodies of fine-grained gabbronorite whose texture suggests rapid crystallization
are associated with injections of fresh magma. Crystallization to fine-grained gabbronorite in the process of magma chilling is
related, in turn, to decompression. Chilling would be equally feasible in the case of the injection of residual melts, squeezed from
lower horizons and aready carrying cumulus mineralsin the process of compaction. Structuresin which fine-grained rocks occur
do not differ from “potholes’ in morphology and structural setting. Two genetic types of sulfides are distinguished: (a) sulfides
of magmatic stage are present in fresh rocks, commonly with magmatic quartz and biotite; (b) a metasomatic sulfide assemblage
contains the richest sulfide and platinum mineralization and is related to potholes. Amounts of sulfide in the metasomatic rocks
are very variable (1-30 vol.%). Forty platinum-group minerals have been documented in sulfide-bearing metasomatic rocks; the
concentration of noble metals (Pt + Pd) coversawide range (0.3-10 ppm Pt, 0.42-66 ppm Pd). Sulfidesin the cumulatesand iron-
bearing magmatic minerals altered by metasomatism are considered to be the source of the ore-bearing metasomatic assemblages.
These assemblages were formed under the action of a reducing hydrothermal fluid. A high content of chlorine was observed in
biotite (up to 0.55 wt%), amphibole (up to 2.5 wt%), chlorite (up to 0.1 wt%), and scapolite (up to 2.3 wt%). Examination of the
metasomatic quartz reveal s the presence of different types of micro-inclusions. Some are filled with liquid only, others are gas—
liquid, agueous — salt inclusions with a gas bubble, and hydrocarbon inclusions with various amounts of liquid. The highest Ty,
recorded is 370°C at a pressure of 1.5 kbar, as estimated using aqueous — salt inclusions. These data agree well with
thermobarometric results calculated using estimated equilibration states. Nd and Sr isotopic data suggest that the metasomatic
assemblages formed simultaneously with the layered intrusion (2442 Ma) during an autometasomatic process due to reworking
of intrusive rocks by a mantle-derived fluid with an eng of +2.1 and an initia 87Sr/%8Sr value of 0.7028.

Keywords: layered intrusion, structure, fine-grained bodies, mineralization, hydrothermal fluid, fluid inclusions, isotopic data,
Lukkulaisvaara, Oulanka Group, Karelia, Russia

SOMMAIRE

Lecomplexeintrusif de Lukkulaisvaara (age U-Pb: 2442 + 1.9 Ma), danslapartie nord delaKarélie, en Russie, fait partiedu
groupe plutonique de Oulanka. Ce massif recoupe les roches archéennes (granite — migmatite — gneiss) du socle; il est recouvert
par une suite métavolcanique d’' &ge protérozoique. Le complexe stratiforme ne dépasse pas 4600 m en épaisseur; les données
accumulées pour établir le profil structural font penser que la section est compléte. La composition globale ajustée équivaudrait
aun magma de la série marianite-boninite, maisil n’est pas assuré que cette composition représente e magma parental a cause
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delapossibilité que lamise en place ait impliqué plus d’ une épisode. 11 est possible que la présence de lentilles de gabbronorite
a grains fins et de taille variable soit due a une cristallisation rapide suite a I'injection de nouvelles venues de magma. La
cristallisation d’ un gabbronorite agrainsfins est liée, ason tour, aune décompression. Une trempe serait également possible dans
le casd'injection d’ un magma résiduel extrait d un niveau inférieur par compression, et déja porteur de minéraux cumulatifs en
voie de compaction. Les structures dans lesquelles on trouve les roches a grains fins ne sont pas différentes des “ nids de poule”
en morphologie et contexte structural. Nous distinguons deux types génétiques de sulfures: (a) sulfures magmatiques, présents
dans les roches saines, généralement avec quartz et biotite magmatiques, et (b) un assemblage de sulfures métasomatiques
contenant les concentrations les plus élevées en sulfures et en platine, et lié alaformation des*“nids de poul€e”. Les proportions de
sulfures dans les roches sujettes a une métasomatose sont trés variables (1-30% par volume). Quarante minéraux du groupe du
platine ont été documentés dans les roches métasomatisées a sulfures. La concentration en métaux nobles (Pt + Pd) varie auss
largement (0.3-10 ppm Pt, 0.42—66 ppm Pd). Les sulfures des cumulats et les minéraux magmatiques altérés par métasomatose
seraient a I’ origine des assemblages de sulfures métasomatiques. Ces assemblages se seraient formés en présence d’ une phase
fluide réductrice. Nous observons une teneur élevée en chlore dans la biotite (jusqu’a 0.55% en poids), I’amphibole (jusgu'a
2.5%), la chlorite (jusqu’'a 0.1%), et la scapolite (jusqu’a 2.3%). Une étude du quartz métasomatique révéle la présence de
différentstypesde micro-inclusions. Elles contiennent un liquide seulement dans certains cas, tandis que d’ autres contiennent gaz
+ liquide, solution agueuse avec inclusions de sel, avec une bulle gazeuse, et desinclusions d’ hydrocarbures avec une proportion
variable de liquide. Latempérature d’ homogénéisation maximale est de 370°C aune pression de 1.5 kbar, tel qu’ estimée a partir
desinclusions fluides avec inclusions de sel. Ces données concordent bien avec les résultats thermodynamiques cal cul ées selon
les ated using estimated equilibration states. Nd and Sr isotopic data suggest that the metasomatic assemblages formed simulta-
neously with the layered intrusion (2442 Ma) during an autometasomatic process due to reworking of intrusive rocks by amantle-

derived fluid with an eng of +2.1 and an initial &7Sr/%Sr value of 0.7028.

(Traduit par la Rédaction)

Mots-clés: complexeintrusif stratiforme, structure, venues a grains fins, minéralisation, fluide hydrothermal, inclusions fluides,
données isotopiques, Lukkulaisvaara, Groupe d’ Oulanka, Karélie, Russie.

INTRODUCTION

Thelayered intrusive complexes of northern Karelia
are emplaced in Late Archean and Early Proterozoic
volcanic and clastic terranes, at the boundary between
the areas where the Archean and Proterozoic granitic
rocks of the Baltic Shield occur (Fig. 1). According to
recent geological data, the Archean basement, whichis
the oldest formation of theregion (ca. 2.8 Ga), consists
of granitic and tonalitic gneisses of the Karelian gran-
ite—greenstone terrane occurring in the southern part of
the studied area. The block was rejuvenated ca. 1.8 Ga
ago, and earlier gneisses of a similar type were recog-
nized in the northeastern part of the area, which con-
sists of the so-called Belomorian gneiss terrane. The
Sumian-Sariolian metasedimentary and metavolcanic
rocks (ca. 2.4 Ga) fill atrough (the Paangjarvi struc-
ture) devel oped within the Karelian granite-greenstone
terrane. Yatulian metasediments (1.9-2.2 Ga) amost
entirely cover the central part of the continental rift
structure. Leucodiabase sills (ca. 2.05 Ga) were found
within the sedimentary units. The following groups of
granitic rocks were distinguished in the region: (1)
Archean granite gneisses, (2) small bodies of younger
granite rocks, mainly in the eastern and northeastern
partsof the area, intruding the Archean granite gneisses,
and (3) Svecofennian granites (1.7-1.8 Ga), forming
large plutonsin the northwestern part of theregion. The
Y atulian sedimentary and volcanic rocks and sills are
associated with the Svecofennian granites, and occur as
incompletely assimilated residues. The Kuoloyarvi unit
of mafic and felsic volcanic rocks is believed to have

been thrust over the Y atulian metasediments. Dykes of
gabbro (2.4-2.5 Ga) and diabase (2.0-2.1 Ga) are pre-
dominant within the Archean basement.

Layered intrusions of northern Karelia are subdi-
vided into two groups: Koilismaa, Finland (Alapieti
1982) and Oulanka, Russia (Shmygalev 1968, Lavrov
1971, Felitsin et al. 1989, Turchenko et al. 1991,
Rudashevsky et al. 1991, Pchelintseva & Koptev-
Dvornikov 1993, Klyunin et al. 1994, Semenov et al.
19954, b, 1997, Barkov et al. 1996). Proterozoic defor-
mation caused the Oulanka Group massifs to plunge to
the northeast.

According to isotopic U-Pb and Sm-Nd geochem-
istry, the ages of massifs of the Oulanka group and as-
sociated volcanic rocks were determined as follows
(Barkov et al. 1991, Turchenko 1992, Amelin et al.
1995, Amdin & Semenov 1996): 1) Lukkulaisvaara
24421 + 1.9 Ma (U-Pb method), 2) Kivakka: 2420 +
23 Ma (Sm-Nd method), 2444.0 + 1.0 Ma (U-Pb),
Tsipringa: 2430 + 26 Ma (Sm—Nd), 2441.3 + 1.7 Ma
(U-Pb), volcanic suites: 2442.0 + 24.0 Ma (U-Pb).

It isremarkabl e that the Koilismaaintrusions, in Fin-
land, have the same ages (Alapieti 1982). All the ages
obtained by Sm-Nd and U—Pb methods are within ana-
Iytical uncertainties, and do not allow us to discrimi-
nate among these intrusions.

In recent years, the Oulanka massifs were subject to
detailed geological and geophysical work, including pet-
rological and geochemical studies. These new results
contribute significantly to our knowledge of the struc-
ture, genesis, and metallogeny of the massifs. In this
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paper, we report the results of a study of the structure,
geochemistry, and petrology of the Lukkulaisvaarain-
trusion, the relations of the alteration and ore minerals,
including platinum-group minreals (PGM), the charac-
teristics of fluid inclusions, P-T conditions of crystalli-
zation of the secondary minerals, and Sr and Nd isotope
systematics of the altered assemblages.

METHODS

Geophysical survey datawere used to prepare ageo-
logical map (Fig. 2). The maximum gradientsin gravity
correspond exactly to the boundaries of the bodies. This
allowed precise mapping despite the generally poor ex-
posure of the contact zones of the massifs. The depths
of the bottoms of the massifs and the character of their
vertical sectionswere established by special processing
of dataon gravity-field anomalies. Magnetic survey data
demonstrated the internal structure of the massifs
through the presence of primary ferromagnetic miner-
als (titanian magnetite and pyrrhotite).

THE CANADIAN MINERALOGIST

To study the complex layering in detail, profileswere
chosen in areas with maximum thickness and the most
representative spectrum of rocks. The conditions of ex-
posure of the Lukkulaisvaaraintrusion did not allow us
to characterize its vertical sequence in asingle continu-
ous section. Three profiles (1-1, 2—2 and 3-3) were used
to describe the structure (Fig. 2). Profile 1-1 was recon-
structed using data obtained from drill holes. Profiles
2-2 and 3-3 were obtained by surface mapping. To cor-
relate the sequences along the 2—2 and 3-3 profiles, dis-
tinctive petrographic layers of leucocratic gabbronorites
were used.

The rocks of Lukkulaisvaara generally have been
significantly hydrothermally altered by postmagmatic
processes, particularly in the upper part of the layered
sequence and where the rocks are ore-bearing. Petro-
chemical data on the rocks modified under closed-sys-
tem conditions are of particular value for rock
identification. To distinguish the types of rocks, we used
oneof thevariantsof hierarchical cluster analysis (Ward
1963), which was tested for the classification of igne-
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Fic.2. Schematic geological map of the Lukkulaisvaaraintrusion. 1. Metavolcanic rocks (2.4 Ga), 2. The upper boundary zone,
composed of alternating norite and gabbronorite, 3. Gabbronorite-11 zone, 4. Norite-11 zone, 5. Gabbronorite-I zone, 6. Norite-
| zone, 7. Ultrabasic zone, 8. Fine-grained rocks, 9. Granite gneisses and migmatites of the basement (2.6-2.7 Ga), 10.
Geological boundaries; 11. Thin layers and boundaries of the potholes, 12. Faults, 13. Sampling profiles, 14. Location of
detailed investigations.
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ous rocks. This method was combined with the calcula-
tion of normative compositions of the rocks (in vol.%).
The essence of this approach may be outlined as fol-
lows. A cluster may be characterized by the intragroup
sum of squares, which is equal to the sum of squared
distances of the cluster points to the average. To mea-
sure the distances, conventional Euclidean metricswere
applied. Considering the intragroup sum of squares to
be the target function, Ward (1963) combined two clus-
tersthat resulted in aminimal increaseinthetarget func-
tion. Thus, according to Ward' s method, the two most
similar clusters are combined. Major-element analyses
of 196 samples representing al of the main rock-types
of the massif were processed thisway. These datawere
used in areconstruction of the integrated profile of the
Lukkulaisvaara complex.

The major-element content of the rocks was deter-
mined by X-ray spectrometry and flame photometry
(sodium) inthe Central Research Group of the Physico-
Chemical Studies of Minerals, Complex Expedition,
All-Russian Institute of Mineral Resources, Narofo-
minsk. The concentrations of Ni, Co, Cu, Cr, Zn, Ag,
Au, Pt, Pd, Ru, Rh were measured by atomic absorption
at the Department of Geochemistry, Faculty of Geol-
ogy, Moscow State University. The samples were de-
composed with hydrofluoric and perchloric acids and
then analyzed in an air—acetylene flame with a Hitachi
Atomic Absorption Spectrometer (model 207). The de-
tection limitswere 0.01 mg/mL for Cu and Cr, 0.03 mg/
mL for Ni and Co, and 0.005 mg/mL for Zn. Analysis
of the MO standard samples checked the accuracy of
the determinations. Concentrations of La, Ce, Nd, Sm,
Eu, Tb, Yb, and Lu were determined by instrumental
neutron-activation analysis at Activation Laboratories
Ltd, Ancaster, Ontario, Canada. The detection limits
were: La0.1 ppm, Ce 1.0 ppm, Nd 1.0 ppm, Sm 0.01 ppm,
Eu 0.05 ppm, Tb 0.1 ppm, Yb 0.05 ppm, Lu 0.01 ppm.

The isotopic compositions of Sm, Nd, Rb, Sr were
determined by isotope dilution with a precision not less
than 1%. Chemical dissolution and separation of ele-
ments followed by mass-spectrometry analysis were
carried out using ion-exchange and extraction accord-
ing to the chromatographic techniques described by
Richard et al. (1976). Isotope compositions of Sr and
Nd were analyzed with an 8-collector Finnigan MAT—
261 mass spectrometer (Laboratory of | sotope Geochro-
nology and Geochemistry, Institute of Precambrian
Geology and Geochronology, St. Petersburg) in astatic
regime. The Nd isotope composition was corrected for
mass fractionation by normalization of determined val-
ues to the ratio *8Nd/***Nd = 0.24157, and the deter-
mined Sr isotope composition was normalized to the
ratio 88Sr/88Sr = 8.37521. The Nd isotope ratio for the
La Jolla standard was “*Nd/**Nd = 0.511883 + 7 dur-
ing the period of analytical procedure, and the Sr iso-
tope ratio for SRM—-987 standard 87Sr/86Sr = 0.710254
+ 12. Analytical blanks were 0.05, 0.01, 0.1 and 0.005
ng for Nd, Sm, Sr and Rb, respectively.
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The Lukkulaisvaaraintrusion is located in the east-
ern part of the Paangjarvi rift structure, where it tapers
off (Fig. 1). Drilling has shown anintrusive contact with
the granite—gneiss basement. A series of weakly meta-
morphosed basalts, basaltic andesites, felsic volcanic
rockswith awell-preserved amygdaloidal structure and
with conglomerates (including gabbro pebbles from the
intrusion) and greenstone in the lower part occurs on
the eroded surface of the layered intrusion (Fig. 2). The
volcanic rocks overlap the entire northwestern part of
the intrusion, but some fragments of the intrusion are
exposed on the surface within the volcanic sequence.
Figure 2 gives a schematic geological map of the
Lukkulaisvaara intrusion.

Geophysical (gravity and magnetic data) and geo-
logical relations suggest that the intrusion forms an ir-
regular ellipsein plan; it has been traced along strike up
to 10 km. Thethickness of theintrusion, including those
parts buried under Quaternary deposits, is up to 4.6 km;
gravity surveys have shown it to be 1.5 km in depth and
with areal thickness of about 4.5 km. The strike of lay-
ering and trachytic fabric is 0-15° ENE in the western
and central parts, and 40-45° NE in the eastern part of
theintrusion. Thelayering dips45-70° tothe N. Anin-
ternal angular disconformity, marking a drastic change
in the layering and orientation of the trachytic texture,
was mapped in the southern part of the massif (Figs. 2,
3c). Within the layered complex, lenticular bodies of
fine-grained gabbronorite and norite of variable thick-
ness along the magmatic layering are identified (Figs.
2, 3). The presence of these bodies of gabbronorite and
norite is a typical feature of the Lukkulaisvaara intru-
sion. Rocks called “pseudoconglomerates’ mark the
bottom zones of the lenticular bodies. “Pebbles’, usu-
aly rounded, consist of fine-grained gabbronorite or
coarse-grained pyroxenite and gabbronorite.

Low-angle eastward-plunging faultsarewel | defined
in the relief and locally traced by zones of schistosity.
No significant displacements have been observed along
them; this is supported by the results of magnetic sur-
veys, in which the axes of magnetic anomalies are con-
sistent with the strike of the layering. A thrust structure,
marked in the ultrabasic zone of the layered series, isan
exception. A block, made up of dunite and harzburgite
and thrust over the mafic part of the section, wasdrilled
here (Fig. 2). The gently pitching thrust-zone is repre-
sented by strongly schistose (mylonitic) rocks of ultra-
basic and basic composition.

PeTROGRAPHIC AND GEOCHEMICAL CLASSIFICATION
OF THE Rocks

Petrographically, the Lukkulaisvaara rocks may be
divided into three unequal units: 1) rocks with a cumu-
lustexture, which form well-devel oped modal layering,
2) fine-grained rocks found as lenticular bodies with
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Fic. 3. Portions of outcrops with potholes. 1. Medium- to coarse-grained gabbronorite, 2.
Coarse-grained gabbronorite, 3. Medium-grained norite, 4. Olivine-bearing gabbro-
norite, 5. Olivine-bearing melanocratic norite, 6. Coarse-grained norite, 7. Fine-grained
rocks under the Quaternary deposits, 8. Fine-grained norite, 9. Fine-grained
gabbronorite, 10. Geophysical anomaly, 11. Anorthosites, 12. Quartziferous gabbroic
pegmatites, 13. Fe-Ni—Cu sulfide and PGE mineralization, 14. Thin layers, 15. Geo-
logical boundaries, 16. Geophysical boundaries, 17. Fault, 18. Sampling sites.

poorly developed or no modal layering, and 3) rocks of
the vein facies. Within most of the rocks, two textural
groups of minerals may be distinguished on the basis of
their degree of idiomorphism. The first group includes
euhedral and subhedral grains, with points, edges, or
facesin contact to form aframework. The second group
involves anhedral aggregates that fill the interstices be-
tween the euhedral crystals. Crystals of the first group
are classified as of cumulus nature and are the result of
crystal accumulation on the bottom of a chamber. Min-
erals of the second group are classified as being of

intercumul us nature because they are the products of the
subsequent crystallization of melt trapped between the
cumulus minerals.

Petrography of rocks with a cumulus texture

Six types of cumulus assemblage are distinguished
in rocks of the first group.

Olivineand olivine + chromian spinel cumulates are
represented by olivinites and dunites. Olivine (FO7g_g4)
may either show substantial adcumulus overgrowth, or
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may be resorbed and rimmed by postcumulus
orthopyroxene (Enzs_goWo03 4FS14-16). Fine-grained
chromite is commonly disseminated in the dunite and
concentrated in pyroxene or plagioclase. Postcumulus
augite, augite—diopside (Engs_s5\W031_46FS7-13) and pla-
gioclase (Angz_70), in the form of subpoikilitic intersti-
tial grains, are present in small quantitiesin virtually all
the olivinites and dunites. Postcumulus biotite, where
present, is aminor constituent.

Olivine + orthopyroxene + chromian spinel cumu-
|ates are represented by harzburgites, with dightly vary-
ing proportions of the rock-forming minerals.
Orthopyroxene (En;g_g;Wo03 sFS14-16) May occur as
oikocrystswith embayed olivine (Fogp_g3) and chromite
inclusions. Postcumulus diopside (Ensg 53\W03g 41FSs-10)
and plagioclase (Any,_gg) also occur.

Orthopyroxene cumulates are represented by ortho-
pyroxenite. Olivine, where present, isaminor constitu-
ent. Orthopyroxene (Engp_s,WO03 35FS14-17) may occur
as oikocrysts with minor embayed inclusions of oliv-
ine. Postcumulus augite and plagioclase (Ang7_g) are
observed.

Orthopyroxene + plagioclase + olivine cumulates are
represented by norite and olivine-bearing norite, with
varying relations of the rock-forming mineralsand vary-
ing grain-size. In some rocks, poikilitic euhedral and
subhedral grains of orthopyroxene with fine inclusions
of plagioclase are present (Ansz_7g). The composition
of the orthopyroxene is: Engg_goFS15.20W014. The
plagioclase in the matrix is usually patchily zoned
(Anzsg6)- The grains of olivine (Fo73-76) may be re-
sorbed or rimmed by pyroxene. Postcumulus augite
(ENng1-48W03g 47FSg_14), in the form of poikilitic and
subpoikilitic interstitial grains, also is present. Post-
cumulus interstitial grains of quartz and biotite may be
present in coarse-grained norite.

Orthopyroxene + augite + plagioclase + olivine cu-
mulates are represented by gabbronorite and olivine-
bearing gabbronorite, with varying relations of the
rock-forming minerals and grain size. The composition
of the pyroxenes is as follows: Opx: Eng7_73Wo03 5
Fsy3 30; CpX: ENz_48W03g_46FS10-15. Plag|ocl& iSusu-
ally patchily zoned (Ango_70).

Plagioclase cumulates are represented by anorthosite
and mottled anorthosite. Postcumulus pyroxenes are
present in the form of subpoikilitic interstitial grains.
Strong optical and chemical zoningisevidentin plagio-
clase: rim Anss_gp and core Angs_7o.

Lenticular bodies of fine-grained rocks

The fine-grained gabbronorite and norite are subdi-
vided into two subtypes: rocks with grain sizes up to
0.5-0.6 mm, and distinctly trachytic rocks with grain
sizes reaching 0.2 mm. In turn, fine-grained gabbrono-
rite is subdivided into oikocrystic and equigranular
types. The former occurs mainly in large bodies of fine-
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grained gabbronorite where they, together with
oikocrystic and equigranular rocks, form akind of au-
tonomous differentiated series. Petrographic data dis-
tinguish six mineral assemblages in the fine-grained
rocks: 1) {orthopyroxene} + clinopyroxene + plagio-
clase, 2) { orthopyroxene} + clinopyroxene + pigeonite
+ plagioclase, 3) clinopyroxene + pigeonite + plagio-
clase, 4) clinopyroxene + plagioclase, 5) orthopyroxene
+ plagioclase + [clinopyroxene], 6) orthopyroxene +
[plagioclase + clinopyroxene]. Assemblages 2 and 3
occur only inthe central part of large (up to 100 m thick)
lenticular bodies of fine-grained gabbronorite. Rocks
displaying assemblage 4 form small bodies and the cen-
tral part of large bodies, whereasrockswith assemblage
1 formtherim of large bodies. Rocks with assemblages
5 and 6 form mainly separate bodies. Orthopyroxene
(Enz25-754W019.824 2FS2 6-4.7) IS present as large (up to
10 mm and over) oikocrysts in assemblages 1 and 2,
with inclusions of plagioclase crystals even finer (up to
0.1 mm) than plagioclase in the matrix of the rock (the
plagioclase in the matrix and in inclusions is Angz_7o
and Angy_zs, respectively), and, locally, clinopyroxene
(clinopyroxenein the matrix and ininclusionsis Engg o
49_2W038.6_44‘4F59_0_13.2). The proportion of oi kocrysts
may attain about 50 vol.%, whereas the content of pla-
gioclase and clinopyroxene in the rock varies between
30-45% and 20-25%, respectively. The fine-grained
matrix locally contains grains of pigeonite idiomorphi-
caly similar to augite (assemblages 2, 3). It should be
noted that pigeonite inverted to orthopyroxene with a
characteristic herringbone structure of solid-solution
decomposition (matrix of inverted pigeonite Ens,_
75WO03 5FSx 24, iNClusions ENgy 490W0sg 45FSg 13). Atten-
tion is drawn to the similar orientation of separate
crystals of inverted pigeonite characterized by domains
(up to 10 mm across). As arule, the rocks of this group
(in particular, fine-grained gabbronorite, which forms
thin lenticular and vein-like bodies) are strongly altered.

Fine-grained norite (mineral assemblage 5) is simi-
lar to fine-grained gabbronorite in texture, but the
clinopyroxene (Engs_4sFSo_10W 044 45) fills the inter-
stices between euhedral crystals of orthopyroxene (Enys-
79FS19-20W0,_3) and plagioclase. In addition,
clinopyroxene contains large poikilitic crystals (up to 8
mm across) containing microcrysts of orthopyroxene
and plagioclase (Anzggy). Plagioclase in the rock ma-
trix is usualy patchily zoned (Angs_s7). Paikilitic fine-
grained norite in which idiomorphic crystals of ferroan
enstatite are enriched in microcrystals of plagioclase are
unique to these rocks.

Fine-grained poikilitic pyroxenites contain large
poikilitic grains of clinopyroxene (up to 6 mm across)
containing microcrysts of orthopyroxene. Orthopy-
roxene forms euhedral crystals commonly with very
small inclusions of plagioclase. Disseminated fine-
grained chromite (up to 0.2 mm) was found in severa
samples.
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Rocks of the vein facies

Rocks without cumulus textures are relatively rare.
They occur as vein-facies lithologies (ore-bearing peg-
matitic gabbronorite, pyroxenite, their barren equiva-
lents, and quartziferous gabbroic pegmatites). In
ore-bearing gabbronorite, orthopyroxene (Enz,—74FSyo—
24W04 5) and clinopyroxene (EngzFsyp-43W010-11) dis-
play a more idiomorphic habit than plagioclase
(Ang7_70). Interstices are filled with aggregates of Cu—
Fe—Ni-sulfides, reaching 30 vol.%. Rocks of this group
are strongly altered. Barren gabbronorite and pyroxen-
ite of the vein facies do not differ texturally from their
ore-bearing equivalents, but they show no evidence of
deuteric alteration.

Quartziferous gabbroic pegmatite forms individual
segregations, about 1 m across, and veins afew tens of
centimeters thick. Bluish quartz (up to 5%) is charac-
teristic of the rocks. They are strongly altered with uni-
dentifiable mafic minerals and disseminated sulfide

aggregates.
Hydrothermal alteration

Unaltered or weakly altered rocks make up about
30% of the layered series, but a high degree of hydro-
thermal alteration is typical of sulfide-bearing rocks
with Pt-mineralization. Veins range from very narrow
(<1 mm) to severa centimeters in width, commonly
with many branches. Mineral assemblages in the veins
are varied: 1) hornblende (varying compositions), 2)
hornblende and scapolite with minor biotite and plagio-
clase, 3) hornblende with disseminated sulfides, 4) car-
bonates (cal cite and dolomite) with scapolite, 5) quartz,
chloriteand calcite. These assemblages may change sig-
nificantly along strike, but the contacts of the veinswith
the host rocks are, as arule, sharp. The fresh rocks of
theintrusion are characterized by the presence of zones
of recrystallization, in some cases with a zona struc-
ture, for instance scapolite in the central part and zoisite
with some chlorite grains at their margin.

The mgjor secondary mineral assemblages may be
divided into two groups: 1) M1: @) talc + anthophyllite
+ actinolite + sulfides + magnetite, b) talc + antho-
phyllite + actinolite + hornblende (blue-green) + chlo-
rite + plagioclase + sulfides + magnetite; M2: a)
actinolite + hornblende (green, pale green, blue-green)
+ clinozoisite + epidote + chlorite + plagioclase + mus-
covite, b) actinolite + hornblende (green, pale green,
blue-green) + clinozoisite + epidote + chlorite + plagio-
clase + biotite (secondary), c) actinolite + hornblende
(green, pale green, blue-green) + clinozoisite + epidote
+ chlorite + biotite (secondary) + scapolite + plagioclase
+ carbonates, d) actinolite + hornblende (pale green) +
clinozoisite + epidote + chlorite + garnet + plagioclase.

The M1 assemblages are typical of the veins of al-
tered ore-bearing bronzitites (M1a) and gabbronorites
(M1b). The M2 assemblages are typical of altered
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norites, gabbronorites and anorthosites of the layered
series. M2 may also involve staurolite (Barkov et al.
1999), quartz, albite and anorthite (M 2abc), K-feldspar
together with sulfides (M 2a), prehnite, pumpellyite and
segregations of zeolite (M2ab). Talc and anthophyllite
may be present asrelics. These assemblages are divided
into Fe-Ni—Cu sulfide-bearing, PGM-bearing and ore-
free assemblages.

Recrystallization of the primary mineral assemblages
resulted in the development of reaction rims replacing
the igneous minerals. Different types of reaction struc-
tures can be distinguished in the rocks. For example,
the reaction rim devel oped between two adjacent grains
of orthopyroxene are symmetrically zoned and consist
of outer talc + anthophyllite shells (next to
orthopyroxene) and inner hornblende shells. At contacts
with igneous plagioclase, orthopyroxene is replaced by
(from orthopyroxeneto plagioclase) talc + anthophyllite
or talc + anthophyllite + hornblende shells. Clinozoisite
and albite commonly replace the marginal parts of pla-
gioclase grains. Garnet and amphibole reaction rims
were observed around relict orthopyroxene and along
the cracks in plagioclase in gabbronorite. Very fine-
grained garnet (lessthan 0.01 mm) in some casesforms
equigranular aggregates up to 0.2 mm across, or skel-
etal crystals enclosing small plagioclase grains. Also,
garnet comprises the axial parts of hornblende—garnet
segregations in fine-grained gabbronorite. Garnet was
discovered in the assemblages with sulfides. In the to-
tally recrystallized lithologies, aggregates of secondary
minerals completely replace the primary igneous min-
erals.

High contents of chlorine were determined in sec-
ondary biotite (up to 0.55 wt%), Al-rich amphiboles (up
to 2.5 wt%), chlorite (up to 0.1 wt%), and scapoalite (up
to 2.3 wt%) from ore-bearing mineral assemblages.

Fe-Ni—Cu SuLFiDE AND PGM MINERALIZATION
Qulfides

Two main genetic types of sulfide were encountered:
a) sulfides of the magmatic stage are present in unal-
tered rocks of the layered series and in bronzitite and
gabbronorite of vein-facies rocks within the bodies of
fine-grained gabbronorite, b) sulfides of the metamor-
phic stage occur along theinternal angular unconformity
of potholes and near the contact of large bodies of fine-
grained rock types with the underlying layers of pot-
holes and along the cracks formed during late stages of
deformation. Sulfides of type (a) occur locally in asso-
ciation with magnetite, quartz and biotite of the mag-
matic stage, asinclusionsin magmatic minerals (usualy
pyroxene), and in the vein-facies rocks, where sulfides
and magnetite with M1 mineral assemblages fill the
space between orthomagmatic minerals (their presence
suggests a melt) or form microveins that cut both pla-
gioclase and ferroan enstatite. Sulfides of type (b) occur
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as fine disseminations and clusters, and form segrega-
tions with secondary mineral assemblages (M2) such as
zoisite + amphiboles + chlorite, scapolite + carbonate
minerals, quartz + amphiboles + zoisite + chlorite, and
amphiboles + garnet. The amount of sulfides varies up
to 30 vol.% in type (a) and 5-10 vol.% in type (b).

Sulfides of the M2 assemblage occur near the con-
tact of the large bodies of fine-grained lithologies with
the underlying layers of the stratified series (rocks of
thefootwall units, i.e., anorthosite, gabbronorite and the
melanocratic olivine-bearing norite). The ore-bearing
(M2) assemblage is also typical of the gabbronorite oc-
curring along the internal angular unconformity, mani-
festingitself asadrastic changein layering and trachytic
texture (Fig. 3). Veins and segregations of quartzifer-
ous pegmatitic gabbro impregnate them.

Sulfides of the M1 assemblage are subdivided into
three varieties (Table 1). Assemblages 1 and 2 are pre-
dominant. Usually, pentlanditeformsinclusionsin chal-
copyrite and is replaced by violarite and pyrite. Fine
grains of marcasite replace pyrrhotite. The size of the
sulfide minerals in this type of rock reaches severa
millimeters, with sulfide aggregates controlled by the
geometry of interstitial space between the igneous min-
erals, giving a“sideronitic” texture. The borders of the
ore minerals are very irregular and, together with sec-
ondary minerals, penetrate into the crystals of ferroan
enstatite or plagioclase. Fine grains of sulfides usualy
occur in microveins and in pseudomorphs of actinolite,
talc and anthophyllite at the expense of pyroxenes. The
replacement of pyroxenes by sulfide grainsis observed
in rocks comprising up to 40 vol .% of ore minerals. Sul-
fides of the M2 assemblage are represented by one type
(Table 1), whose proportions can be correlated with the
degree of recrystallization of the rocks. Inclusions of
chlorite, titanite, amphiboles, zoisite, scapolite, rare K-
feldspar, and albite are typical for sulfides. Aggregates
of sulfides and garnet were found.

TABLE 1. SULFIDE ASSEMELAGES,
LUKKULAISVAARA LAYERED INTRUSION, NORTHERN KARELTA

Mineral assemblages Mineral assemblages

1 2 i 4 12 3 4
Pyrrhatite MM - - Marcuite R B - -
Pentluadite M M M M Sphalerite E R R R
Chalcopyrite MM MM Bornite - - R M
Cubanite - R - - Chaleocite - - - R
Millerite - - R M Galenn B R - -
Violarite Mi Mi Mi R Gresnockitc - - = R
Polydymite - - R R Heazlewoodite - - R
Pyrite Mi R - - Grwtlevskite - - R

1-4: mineral sssemblages. 1o sulfides from rocks at the exocontacts of the large
bodies of fine-graimed gabbronorite. 2, 3, 4: sulfides from the veins of pyroxenite and
mabbranorite within the hodies of fine-grained gabbronorite. The associations. 2:
chaleopyrite - pyhotite — pentlandite, 3: chalcopyrits — pentlandite, 4. pentfandite
- violarte — millerite — barnite - chalcopyrite with megnetite. M main mineral, Mi:
mitpr mineral, K. rare mineral,
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Platinum-group minerals

The PGM are observedin practically all sulfide-bear-
ing platinum-group-element (PGE) horizons (Table 2).
The richest mineralization is related to the altered
bronzitite and gabbronorite veins enriched in sulfides
(M1), and the strongly atered anorthosite, gabbronorite
and norite with poor sulfide mineralization near con-
tacts with large bodies of the fine-grained lithologies
(M2). Thetotal concentration of Pd and Ptisintherange
0.3-10 ppm Pt and 0.42—66 ppm Pd (Table 3). Among

TABLE 2. MINERALS OF THE NOBLE METALS,
LUKKULAISVAARA LAYERED INTRLSION

Minerals Formwudas 1 2 k! 4
1 Komlskite Pd(Te,BLPH) M M M M
2 Stiloan katulskite Pd; [TeShk} R R R -
3 Menmslyite Pd{Te,Bi)y M M M R
4 Nickeloan merenskyite  (Pd.NilTe, B R R
5 Moncheite {Pt,Pd)Te,Bi}, M M R M
6  Hessite ApTe R M -
7 Palladian #nd
platinian mclomite [Mi.Pd,Pt)Te, R - R R
2  Tellurepalladinite Pd,Te, - - - E
9 Bopcheite Agbd, e, - M R
10 Telergpalite (Pd, Ag)y{Te, B} - R M
11 Michenerite PdBile - M -
12 Spbolevskite Pd{Ri,Te) - - R
13 Fromlite Pd{BiTe), - - R
14 Sperrylite PrAy, M M M R
15 Majalive pPdKiAs MR R
16 Palladoarsenide (Pd, Ml As R - R
17 Sullwaterita (P'd, AuyAs, R - -
18 Vysorskite {Pd,Pt,Ni)5 R -
19 Argentopentlandite Ap(FoNi),5, - R
20  Hollingweorthme (R Pt Os Ru,
Fe N1 Co)AsS R R R
21 lrarsice (Tr,Rh,PtPd, FejAsS R R -
22 Isumerticile Pd) ShyAs, - - R
23 Merlieite I Pl (S, As)y - R
24 Muortiene T Pdg{Sh,SmAs), R B
25  Tulameenite Bt FeCu - E M
26 Hongshiite FtCu - - R
27 Geld {AuAg) R R - -
2B “Electrum™ {Au Agh - - R R
29 “Kistelite™ A du - - R R
30 Zvyagintscvite Pi{Pb.Bi) - - R M
31 Paclovite Pd.Sn - R R -
32 Taimyrite* (Pd, U PthSn
33 Qularkaite (Pd Pt (Ci,Fey,Snles, - - R
34 Unnemed Pd;TeBi - - M-
3% Unnamed Pdy(Te,Pd,Bi) - - R R
36 Unosmed (Pd.Agz),Te - - - R
37 Unnamed Pd, Ag Te, - - - R
38 Unnamed Pi{Sh.5n) - - B m
32 Unnamed¥ PrAs,S,

40 Unnamed* Pd.{Cu,AghS,

41 Unnamed* Pd,Te,
42 Umnamed* Pd AgTe,
Columns: 1 Mirerat hlages at the uf the large hodies of fine-

grained tocks (aulfide sssociation: pyrrhotite — pentipndite - chaloopyrite). 24
Veins of pyroxenites and gabbronorites within bodied of fine-grained gabbronarite are
enriched in sulfides. The assnciations: 2: chalcopytite — pwrrhotite — pentlandite, 3
chalcopyrite — pentlandite, 4 pectlandite — violarite — millerite — bomnite
chalcopyrits with magnelite. 3: main minersl, Mi- mince mineral, R: rare mincrut.
¥ Minarals determined by T.T.. Grokhovekaya (Khunin ef al, [994).

' Quotation marks ars used Lo show that these sro not 1ViA-spproved names;
Simusikev & Pavlova (2000) have shown that “kastelite” is 8 mixtur of pure gold
and pure silver of bulk comprosition Ag,Au.
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TABLE 3. CHEMICAL COMPOSITION QF ORE-BFARING ROCKS, LUKKULAISVAARA INTRUSION,

NORTHERN KARELIA

2 3 4 5 5] T ] 9 1 11 3
Rk wi%% 4600 412X 4632 3LEQ 3180 4966 4464 4480 4098 4244 a6 4856
i, 100 013 1§ G607 009 013 056 02¥%  0I% 1% 013 Dl
ALO, 13,70 1323 1375 285 278 1396 2168 2032 2600 2610 2527 1424
Feydy 373 356 354 1400 1087 10 1135 1ar 014 1.94 L1 a6
Fely 632 51T 632 632 490 632 460 517 287 374 402 VS
Mn) 032 e1s 027 027 42T 027 02 028 022 024 016 028
Mg 1085 983 11535 1126 1246 1063 603 754 211 191 T4l 1186
Cal 980 1021 1063 811 9223 1314 1300 1230 797 147 1070 13T
Na.0 1.3 098 152 011 010 175 202 188 519 215 36 17S
K0 013 910 019 005 QO3 QIT 039 028 192 als 03 0ls
PO, 004 004 005 007 008 606 CI3 004 003 002 002 00
H,0 105*C 006 004 008 066 030 030 Ol4 020 014 012 016 030
LOL 230 391 250 780 194 070 331 231 301 1B T 1M
Ag ppm 930 693 3% 651 1350 082 014 013 0018 012 013 068
Au 016 016 016 026 117 Q08 039 029 002 042 033 003
P 380 690 550 1.23 145 030 247 204 1.1¢ 104 L2z 0l
Pd 13.60 2400 18350 6040 2400 055 4602 514 440 479 554 042
Ru ppb 130 1780 620 3230 1210 0951 %0 141 070 126 21% QLS
Eh (.15 1% w20 858 1 020 020 0322 0320 @30 020 020
Znppm 156 240 200 106 600 160 160 150 100 150 100 0
Cu 35000 46800 40200 120300 120300 2180 4344 3160 674 4670 2950 [T(4
Pb 10 10 10 19 10 10 13 H 10 10 10 i
Co 3 411 78 340 361 10 33 20 35 9z T3 K
N 2334 18100 2327 20000 17200 1000 2300 800 1731917 1822 1192
Cr 241 208 268 190 248 333 5 100 &k 75 75 100

Columns 1-%: Veins of gltered ore-beating pyroxenits ffom the bedy of the tine-grained pabbronorite. Ath+ Act+ Tle
at the expense of Opx: 70-75 vol.%, ore minerals (bormite + millerite + pentlandite — magnetite + chalcopyrite): 25 -3¢
vol %0 (samples Ly 14%, Ly 149, Ly 145}, ore mincrala (pentlandite + violarite + chalcopyrite): 25 vol.% (samples Lo
80b, Lu 802), &; Veins of ore-bearing norite from the bady of fine-prained gabbronorite. P1{An., o) 40%6. Dpx: 5004,
nre minerals (pentlandite + pyrite + violarite + pyrthotite+chaleopyrite): 10%, Hbl + Cazo with minor garnet at the
expense of plagicelase (Lu-Ka—20-556), 7. Altered ore-buaring anorihosite. Relics of Pt 45 vol.%, Ep |- Czo at the
expense of P1: 28 val 34, refics of Cpx: 5 wal %, Act at the cxpense of Cpx: 10 vol%, ore-minerals (pentiandite + pyrite
- violarite + chalcopyrite): 10 vol, %, Qtz: 3 vol %, prehnite: 2 vol % (sample Lu 828). §, 9 Altered anorthosite. Relicy
ol PL{An;; ) 75 vol.%, Ep - Czo ar the cxpense of Pl 3-10 vol.%4, ore minerals {see sample 6): 10 vol. %4, Chl- 5
vl % (samples Lu 830. Lu 832), 10: Altered anorthosite. Cze+Ep: 75 w0, %, ore minerals (ss& sample &) 10 vol.%,
Chi: 1¢vol 3%, Gtz: 5 val.% (sample Lu 837). 11 Altered anorthosite. Refics of P1{AR, 3 45 wol %%, relics of Cpx
1-3 vol.%, prehnbe: 20-25 vol %4, Ep~Czo: 23 vol. %, oreminerals (see sample 6): 3--5 vol %, Qtz: 1 2 vol %4 (sample
Lu 838). 12: Ahered fine-grained gabbro-nodte with disseminated sulfides. The rock is crossed by prehnite yeins.
Mineral compaosition: fine-grained sabbro-norite: PI: 45 val %6, Opx: (0-15 vol%, Cpo 30 vol%a; prefmite veins:
prehnite 9597 vol %, sulfides: 3-5 val. % (sample Lu 815).

the PGM are tellurides, and solid-sol ution series miner-
als between PGE tellurides and PGE hismuthides, and
sulfarsenides. Other mineral groups (sulfides, antimo-
nides, and alloys) are of minor importance. Combina-
tions of Te, Bi, Aswith Pd, Pt and Ag make up almost
half of all established types of minerals of the noble el-
ements. They are subdivided in two groups: 1) bismuth
tellurides and bismuthides of Pd and Ag, and 2) tellu-
rides of Pd and Ag. Combinations of Pd with Asand Sb
are also common among these minerals. The widest
spectrum and largest grains of platinum-group minerals
occur with rich sulfide oresin the altered bronzitite and
gabbronorite of the vein facies. PGM are mostly (95%)
associated with chalcopyrite, but intergrowths of PGM
with pyrrhotite, pentlandite, pyrite, violarite, millerite
and bornite also occur. The PGM are related to arela
tively late stage of mineral formation, and they fill the
interstices between grains of secondary minerals and
between sulfide grains. The crystallization of the earli-

est kotulskite and merenskyite together with secondary
guartz and calcite testify that crystallization of PGM
took place under the same conditions as those that
formed the secondary minerals.

GeocHEMIcAL CLASSIFICATION OF THE Rocks

For this study, 128 samples representing rocks of the
layered series and 68 samples of the fine-grained litholo-
gies were selected. These samples characterize more or
lessall the common rocks of theintrusion. Cluster analy-
siswas used to determine: ) the petrochemical types of
rocks, as hydrothermal alteration made petrographic
characterization difficult, and b) the relations between
identified geochemical groups of rocks (fine-grained
and coarse-grained), in order to evaluate our suggestion
concerning a link between the fine-grained rocks and
an additional episode of emplacement.
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TABLE 4. CHEMICAL COMPOSITION OF THE PETROCHEMICAL TYPES (CLUSTERS) OF ROCK
FROM THE LAYERED SERIES, WITH NORMS, LUKKULAISYAARA INTRUSION

Cumuiates Ol =Opx Ops - PlLa Ol Opx—Cpx+ Pl Pl
1 2 3 4 5 3 T B l 110 T 1z 13 14 15
Si0h, wi% 43.78 43.92 4490 5143 52.64 5360 5232 5014 5184 5314 5219 5127 5255 5145 5165
Tilk, 024 034 027 024 024 031 024 925 034 635 426 036 030 024 024
ALO, 444 357 579 RIZ 1407 546 1831 1873 2239 820 1392 1092 1638 1597 2657
Feld 12,92 13,70 12,29 10,12 705 769 636 681 478 887 665 1039 78 616 247
MnO 019 021 018 022 018 0I8 013 013 010 Q019 ¢17 017 017 015 D06
MpO 3436 3401 3153 2325 1346 1147 1034 1118 6716 1893 1239 1534 205 1074 310
Caly 331 300 44% 567 900 908 991 10469 1167 97 1205 980 1123 1239 1171
MNa.0 055 017 043 053 116 18 198 176 229 051 134 116 21l 166 325
K0 020 016 009 018 €17 034 037 027 041 007 021 036 035 022 088
R0, 001 004 003 004 905 002 004 605 005 005 afd 005 001 003 006
Plyol% 181 133 216 2535 485 559 640 641 762 282 485 4035 393 3555 904
Cpx 62 5% 75 68 94 24 7O 81 56 228 251 M0 165 198 20
Opx 87 162 147 498 51,1 330 275 18R 174 478 242 298 231 242 38
]| 66,7 643 558 136 08 00 12 %7 OO0 07 20 92 08 Q1 33
Im 03 04 03 03 03 04 03 03 04 04 03 04 04 O3 03
iz 0g oo @0 00 00 13 oM o4n 03 00 G0 G0 00 00 00
f* 008 008 003 020 021 028 026 026 031 §21 224 028 033 025 0371
Ant 060 078 073 077 074 0064 067 071 069 0RO 00 065 062 069 062

# f=TFef{Fe + Mg); ** An: plagioclase vomposition,

Asaresult of the cluster analysis, 15 petrochemical
types (clusters) were defined for rocks of the layered
series and named after their normative composition
(Table 4). These chemical types form four groups char-
acterized by different cumulate assemblages. The first
cluster representsthe olivinites, dunitesand harzburgites
(olivine and olivine + orthopyroxene as cumulus min-
eral assemblages). The next eight clusters include one
of the most abundant rock-types and are represented by
norite and olivine-bearing norite (the plagioclase —
orthopyroxene + olivine cumulus mineral assemblages).
Gabbronorite (plagioclase — orthopyroxene —
clynopyroxene + olivine cumulus mineral assemblage),
the most abundant rock type, forms five clusters. The
last cluster is represented by anorthosite (plagioclase
cumulus assemblages). The chemical and textural types
of the rocks are well correlated. On the basis of these
data, we consider combining the separate parts of the
sections 2-2 and 3-3. The boundary islocated between
leucocratic norite and gabbronorite (the samples from
the overlapping parts of different sections fal into the
same cluster,10, and the samples numbered Lu 304,
Lu 622, 623 can be taken as marker beds (Fig. 4).

The chemical and normative compositions of the
fine-grained rocksare givenin Table 5. Six clusterswere
defined for the fine-grained rocks (Table 6); the first
three are represented by gabbronorite, and the others by
norite. Comparison of chemical typesof thefine-grained
and layer-forming rocks shows that there are no differ-
ences in terms of the chemical and normative composi-

tions of the clusters (Fig. 5), their Fe number (f), and
the composition of the plagioclase (Tables 4, 6).

VERTICAL SEQUENCE OF THE INTRUSION

The vertical sequence can only be represented by
constructing a composite section owing to the asym-
metrical structure of the intrusion and the poor expo-
sure of some portions of the layered series (Fig. 2). As
noted above, when compiling the whole section of the
Lukkulaisvaara massif from the 2—2 and 3-3 sections,
the boundary between leucocratic norite and
gabbronorite, traced throughout the axial zone of the
massif, was taken as a marker. Parts of the whole pro-
file (Fig. 2) werejoined using petrographic, petrochemi-
cal, and geochemical data, as well as the results of the
cluster analysis. The layered series was divided into
zones characterized by a specific assemblage of cumu-
lus minerals. This enabled us to establish the order in
which solid phases filled the intrusive chamber and to
clarify theregularities of theinitial crystallization of the
magma.

The layered series of the intrusion is represented by
the following zones (from south to north): ultrabasic
zone, norite-1 zone, gabbronorite-1 zone, norite-2 zone,
gabbronorite-2 zone (Figs. 4, 6¢). From south to north,
the number of phases in the cumulative parageneses
increases, and high-temperature parageneses give way
to low-temperature parageneses. It is known that the
chambers of layered intrusionsarefilled by solid phases
from the bottom upward. Therefore, the present south-
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ern contact of the massif was originally the bottom, and
the northern contact was the roof of the intrusion. On
the basis of these data, the vertical sequence, if viewed
from the point of the distribution of cumulative rocks
only, can be presented as follows: 1) Lower margina
zone, up to 150 m thick. 2) Zone of interlaminated dun-
ite, olvinite, harzburgite, and olivine bronzitite (DHZ),
up to 450 m. 3) Norite-1 zone (NZ—), made up of norite
with rare layers of gabbronorite, more than 900 m. 4)
Gabbronorite-1 zone (GNZ-l), made up of gabbronorite
with lenticular bodies of fine-grained gabbronorite, rare
layers of norite and olivine-bearing rocks (troctolite,
olivine gabbronorite), up to 700 m. 5) Norite-2 zone
(NZ-2), made up of mesocratic to leucocratic norite,
containing separate lenses of fine-grained gabbronorite,
norite (quite variable in thickness) overlying olivine-
bearing rocks (commonly olivine-bearing gabbronorite).
NZ-2 variesin thickness, with an average of 160 m. 6)
Gabbronorite-2 zone (GNZ-2) made up of gabbronorite,
containing separate layers of norite, up to 1670 m. 7)
Upper marginal zone (UMZ), made up of gabbronorite,
up to 620 m.

The Lukkulai svaaraintrusion contains two subzones
with structures comparable to the potholes of the
Bushveld Complex. Thefirst, thickest and most promi-
nent subzone is where part of the gabbronorite-l zone
rests upon mesocratic norite (norite-l zone). The sec-
ond subzone occurs at about 200 m above the
gabbronorite-1 zone, whereit disconformably overliesa
thick layer of leucocratic norites of the norite-1l zone.
Figure 3 demonstrates typical outcrops of the potholes.
Potholes are extremely variable in size from afew tens
of centimetersto afew tensand even hundreds of meters
in thickness and strike (Fig. 3). The bottom and top of
the potholes are usually conformable to the layering of
theintrusion, whereas their flanks transect the layering.
Marker horizons underlying the bottom of the potholes
commonly areintensely mineralized with stratiform and

Fic. 4. a Distribution of the rock types (clusters) within the
Lukkulaisvaara vertical section. b. Generalized scheme of
distribution of the petrochemical types of rocks (clusters).
Column @, 1. Cluster 14: gabbronorite of lower marginal
zone, 2. Cluster 3: melanocratic olivine-bearing norite of
lower marginal zone, 3. Cluster 1: olivinite and harzburgite
of ultrabasic zone, 4. No data about the section, 5. Clusters
5, 9: norite of norite-1 zone, 6. Clusters 10, 11, 12, 13:
gabbronorite of gabbronorite-1 and -2 zones, 7. Cluster 6:
olivine-bearing norite of norite-1, -2 and gabbronorite-2
zones, 8. Cluster 4: fine-grained rocks, 9. Clusters 8, 15:
leuconorite and anorthosite of norite-2 zone, 10. Clusters
2, 7: norite of upper marginal zone, 11. Sampling sites.
Column b 12. L ower marginal zone (LMZ), 13. Ultrabasic
zone (UBZ), 14. Norite-1 zone (NZ-1), 15. Gabbronorite-1
zone (GNZ-1), 16. Norite-2 zone (Nz-2), 17.
Gabbronorite-2 zone (GNZ-2), 18. Upper marginal zone
(UMZ).
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TABLE 5. CHEMICAL COMPOSITION OF FINE-GRAINED ROCKS, WITH NORMS, LUKKEULAISVAARA INTRUSION

H m Sample S0, Ti0, ALO; FeD MnQ MgO (a0 Na0 K0 PO, Fe0, P Cpx Opx Ol Tim Qiz f  An

* HH LL L]

First body of the fine-grained rocks
03 1505 5045 018 1568 505 013 11,67 13.02 078 0.0% 003 5461 S17 202 260 0.0 02 1.8 020 034
2.4 507 50053 019 1604 519 013 117 1270 013 002 577 545 195 252 00 02 06 02] 078
4.1 l-508 4985 0% 1639 570 014 1074 1300 106 013 003 634 553 197 248 01 402 00 023 079
201 15100 30497 019 1651 524 013 1048 1276 010 003 582 550 182 240 00 02 2.6 022 080
271 1-511 5138 022 1599 553 013 1098 1283 085 012 004 615 529 193 250 00 03 25 022 081
k1R 1-513 5015 016 1617 534 014 1076 1290 1.04 009 002 553 545 196 246 00 02 11 022 080
438 314 5083 016 163% 527 014 1045 1287 112 013 003 586 5506 1895 237 00 02 16 023 09
47.7 315 073 016 1675 508 034 1112 1297 L1Y 007 002 565 559 187 249 00 02 03 D21 079
320 1516 5090 014 1642 515 013 1091 13.09 144 005 003 572 560 208 215 11 02 00 0321 004
56.3 517 5100 015 1625 508 014 1082 134% 095 005 003 565 534 211 233 00 02 20 021 0382
638 1-519 5004 013 1640 507 014 1128 1292 |02 005 002 564 342 188 254 00 02 14 021 05l
723 1-521 S0.89 0.l6 1675 498 014 1111 1321 098 05 002 554 548 18% 246 00 02 14 021 082
REM 1-522 3069 005 1623 518 015 1131 1303 DBS 0N 002 578 533 192 258 00 02 17 021 (0
TIs 1-523 5064 0.4 1677 471 033 11.31 1325 100 005 003 523 551 192 247 00 02 08 019 082
842 I-524 50,13 015 1557 326 014 11.24 1362 095 005 003 SBS 530 223 243 00 02 02 021 082
870 1527 5038 015 1645 436 013 1136 1342 082 007 002 5S40 537 200 248 00 02 13 020 084
Second bedy of the fine-grained rocks

0.0 006 5120 006 1310 583 012 900 1270 164 007 003 648 24 171 186 19 01 00 027 070
9.4 2008 SO0 007 1680 A0 012 1030 1250 LA 015 003 633 386 183 197 28 001 00 024 070
16 Lo 6ls 5005 015 1405 588 007 1142 1372 145 021 003 654 505 291 143 39 02 00 023 069
bl Lu20i2 4970 009 1400 585 0.13 1240 1450 1.20 033 003 650 491 314 97 98 01 00 021 07
38 Lu2016 5020 015 1370 790 015 980 1250 200 005 003 878 524 I72 141 61 02 00 032 060
52 Lu2019 5080 .14 1130 952 018 17.50 900 083 005 003 1066 322 143 375 89 02 00 024 078
&0 12021 550 003 2050 550 D11 790 1290 210 006 003 611 692 133 127 48 00 040 028 071
72 W06 5040 010 1327 602 012 1272 1278 168 009 005 669 480 277 152 81 01 00 021 065
73 Lu2025 3040 003 1920 514 010 1030 1230 le0 008 003 571 &40 122 197 40 00 00 022 Q75
77 Lu-616 4740 0171 1595 729 017 1477 935 LI% 017 003 810 558 70 222 149 @1 00 022 076
78 2026 3080 008 1300 804 007 1380 1030 100 006 003 B9 447 161 Jie TS5 01 00 023 077
73 1015 4690 025 964 1093 016 2077 818 068 005 0051215 345 146 242 264 03 00 023 078
83 1014 4971 006 1651 583 013 1136 1261 176 041 005 648 581 200 123 95 01 00 023 069
R4 Lu202%8 5010 010 2030 589 010 940 1190 1ED 015 003 655 679 92 168 60 01 00 026 073
87 1013 4753 017 883 945 022 2058 8§71 044 003 0051050 311 179 318 190 02 00 021 434
a1 1012 4544 005 1888 562 011 1072 1233 161 008 005 625 637 132 143 83 0.1 00 023 075
93 1011 4957 006 1836 531 011 1069 13.00 1.53 008 005 590 61,7 165 146 72 01 00 0322 075
97 Lu2032 5030 005 1840 523 010 1040 1180 190 008 003 581 &3¢ 132 75 57 01 o0 022 070
o 1010 4943 009 1382 750 015 1624 9489 102 007 005 344 477 121 289 [1.2 01 00 021 077
103 w009 4727 008 1680 651 011 1276 1155 136 030 005 723 583 142 128 146 0Ol 00 023 075
1035 2037 5060 001 IR0 485 011 1020 1220 1e§ 007 003 539 6l7 143 229 10 00 00 021 074
107 1008 4021 012 1682 685 014 1211 [154 145 Q15 005 761 579 143 178 98 01 00 024 074
m 100741 4928 010 1480 829 015 1280 967 178 012 005 921 547 128 212 112 01 00 027 D66
113 Lu2039 5050 004 1800 505 011 1040 1190 160 008 005 561 616 135 235 15 00 00 032 074
11& 2041 5070 0.04 1840 462 010 1010 1260 170 007 003 513 625 155 196 24 00 00 021 473
118 Lu6l7 51.50 @17 1870 732 020 1793 813 104 0186 003 B14 420 109 41,7 5% 02 00 019 072
1181 Lut?h 5230 012 1635 332 015 1081 1347 1354 005 003 391 557 216 224 01 O 00 022 073
119 100571 5287 008 1696 574 012 652 1317 189 0408 005 638 505 213 137 00 01 54 034 068
121 1004 4982 007 1793 585 .13 10,13 1264 1.66 008 005 650 6L4 166 161 58 01 00 025 073
122 1002/1 4888 009 1849 608 013 1044 1250 149 010 005 676 625 144 150 81 01 0O 0.25 076
124 o000 4901 0.09 1413 652 012 1381 1065 115 017 005 725 504 182 266 67 01 0.0 021 074
125 LuZds 4870 006 1600 540 011 1360 1020 140 070 003 600 582 1271 1701 125 41 00 019 068

cross-cutting stringers containing disseminated sulfides.
Mineralization occurs only at the contacts between the
potholes and surrounding rocks. The potholes arefilled
with fine-grained gabbronorite and norite, poikilitic
pyroxenite and norite, spotted anorthosite, troctolite,
olivine gabbronorite, anorthositic norite and norite, with

fine-grained gabbronorite the most common rocks, lo-
cally exhibiting a subaphanitic texture. They areinvari-
ably nearly concordant with the layering in the potholes.
The occurrence of fine-grained gabbronorite and norite
is adigtinctive feature of the Lukkulaisvaara intrusion.
Fragments of poikilitic pyroxenite and norite form small
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TABLE 5. CHEMICAL COMPOSITION OF FINE-GRAINED ROCKS, WITH NORMS, LUKKEULAISVAARA INTRUSION

Sample 5}, Ti0, ALO,

Fed Mn MgO CaD NaO K,0 PO, Fe0, Pl
¥

o An

LL L]

Cpx Opx Im Qiz

HH

Fine-grained rocks fram oiher bodies

146-1
146-5
146-7
146-8
k-20-56
1-813
Tu-80
luk1-92
luk13-92
1luk3-92
308
lu305/2
30342
lulds5-2
1432
wal3
lualZ
w54-2
Jud54-3
uB54-6
lug54-7

7.14
6.03
540
7.42
7.15
6.11
TR
881
4,00
10.44
632
883
7.87
813
4.65
5.48
6.36
6.29
550
B35
6,93

0.17
0.1¢
0.14
0.19
0.27
028
0.54
G.17
0.12
017
0.14
0.20
0.20
017
013
0.14
013
0.14
.13
0.20
0.16

50.35
31.80
52.15
50.20
48.45
48.02
46.24
51.21

52.06
40.56
51.54
49,04
50.35
53.38
52.04
52.75
51.35
5182
52.35
52.69
52.48

0.15
0.21
0.18
0.33
0.13
016
0.06
0.25
0.08
01
0.15
018
012
0.09
0.11
010
018
022
.25
.27
0.20

11.70
1590
16.20
13.60
13.56
14.24

712
12.74
17.39
1110
14.42

7.50

775
1167
16,77
16,28
15.95
13,81
16.98

942
13.52

13.23

9.83
10.04
12,55
10.65
11.86
1487
18.29
11.29
19.58
12.05
18.65
18.00
19.23
ELID
10.75

9,79
14.27
11,84
19.59
16.2%

13.50
12.85
13.34
1235
13.14
13.70
15.94
7.18
13.02
12.24
12.74
8.74
5.70
6.92
13,57
12.54
11.79
ENE
912
632
8.1}

1.05
170
1.53
1.15
175
1.75
0.66
1.06
1.54
012
1.95
034
0.49
0.83
1.47
175
1.54
1.28
1.70
0,52
1.05

0.o7
012
0.09
0.05
0.17
0.16
0.10
0.14
0.06
G3.02
0.20
0.08
0.12
0.03
0.07
0.07
211
022
0.43
0.14
017

0.03
0,03
.04
0.06
0.06
0.04
0.06
0.06
0.05
G.u6
0.03
0.03
0.03
0.03
0.03
.03
003
2.08
0.07
0.04
003

7.94
6,70
6.00
825
7.95
6.719
874
979
4.44
11.60
7.02
281
B.75
9.03
517
6.09
7.07
6.99
6.45
9.28
TH)

41.5
553
5.4
47.4
524
52.7
272
447
382
37.0
524
271
234
384
56.1
56.3

321 214 47
214 00
208 0.0
250 3.7
76
1.5
0.3
40.8
233
0.0
14.1
46.5
443
54.2
218
235
239
374
39
56.7
4549

024
0.26
0.24
0.25
0.28
0.23
0.24
022
0.17
0.23
0.23
021
0.20
0.19
019
0.23
0.27
[t
0.22
020
.20

073
.69
0.72
75
0.64
063
0.71
0714
0.74
0.98
LX)
0.84
0738
0.77
0.74
0.69
.67
074
0.68
0.73
0745

54.3
60.1
345
159

* FeD as 0.9Fe,0,. ** f Fe/(Fe + Mg), *** plagioclese composttion. Major element as oxides in wi%, normative constitnents in vol. %.

disk-shaped inclusions (up to a few cm thick), which
usually occur close to the contacts with coarse-grained
rocks. Veins of ore-bearing pegmatitic gabbronorite,
pyroxenite, as well as their barren equivalents, are rep-
resented by massive rocks occurring exclusively within
the fine-grained rocks. Relations between the pegmati-
tic ore-bearing pyroxenite and gabbronorite are ambigu-
ous. It is not unusual to observe that the veins show
some zoning: the periphera parts consist of gabbro-
norite, whereas the axial parts are represented by py-
roxenite. Contacts of the veins with enclosing
fine-grained gabbronorite are sharp, and exhibit no evi-
dence of interactions. Bottom zones of the potholes and
footwall rocks usually consist of quartziferous gabbroic
pegmatites, but “ pseudoconglomerates’ are a common
feature of the pothole bottoms, the “ pebbles’ consisting
of fine-grained gabbronorite or coarse-grained pyrox-
enite and gabbronorite.

The large bodies (up to 100 m in section) of fine-
grained rocks demonstrate a somewhat “autonomous”
differentiated series. A vertical section of one of them
can be presented asfollows: 1) Oikocrystic fine-grained
gabbronorite, 2) Equigranular fine-grained pigeonite
gabbronorite, gabbro and coarse-grained gabbronorite
in the middle part of the body, and 3) Oikocrystic fine-
grained gabbronorite. Some bodies of fine-grained rocks
have nothing to do with potholes and probably repre-

TABLE &6, CHEMICAL COMPOSITION OF THE FETROCHEMICAL 'IYFES
(CLUSTERS) OF FINE-GRAINED ROCKS. WITH NORMS,
LUKETLAISY AARA INTRUSION

Cumulates Opx+ Cpx+ Pl Opx+ T

Orxides 1 2 3 4 5 ]
S0, wits 51.85 52,40 5279 52.64 52,26 53.64
Tio, Q17 14 .16 0,24 021 013
ALO, 1672 163 £10 1657 1278 1035
Felr 530 335 558 6.11 T4 8.33
M 0.14 014 02l 014 LENE1 019
My 1132 1082 19,48 13.19 17.68 1963
Ca0 1338 13.04 S30 921 TS 569
Na 0 182 L85 044 1.51 1.08 .84
K0 ik 0o .11 033 .18 Q1
B0, 003 na3 003 D08 0,04 0.04
Pl vnl% 542 55 27T 373 445 364
Cpx 19.6 213 233 £.3 15 Tz
Opx 24.7 23 454 360 418 555
al 0. 03 34 ot 4.4 07
m nz 0z 92 03 0.z 0.2
Qtz 13 09 o0 04 0.0 o0
™ 021 032 0.21 0 0.20 020
An** 0.81 070 0.8l 071 074 075

T Fed(Fe + My), ** An: plagioclase composition.
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Fic. 5. Comparison of the clusters of the fine-grained and layer-forming rocks. MgO (wt%) versus TiO,, Al,O3, FeO, MnO,

MgO/(MgO + FeO), CaO, NaO, K.

sent fragments of broken sillsin therocks of the layered
series (Fig. 3c).

DistriBUTION OF MAJOR ELEMENTS
ALONG THE VERTICAL SECTION
OF THE LUKKULAISVAARA COMPLEX

The distribution of major elements and proportions
of normative minerals illustrate the vertical zoning of
the Lukkulaisvaara intrusion. Results of 66 chemical

analyses of rocks were used; these can be accurately re-
ferred to the section along the 1-1, 2-2 and 3-3 profiles
(Table 7, Fig. 7). To reveal the regularities in distribu-
tion and to eliminate high-frequency fluctuations asso-
ciated with middle-scale layering, variations in rock
composition, and analytical dispersion, the primary data
were repeatedly smoothed (Figs. 6a, b).

Olivine was evidently the main mineral of the ultra-
basic zone, and is reflected in the pronounced peaksin
the distribution of FeO and MgO, and the minima for
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defined. c. Vertical section based on cluster analysis and petrographic data (for symbols, see Fig. 2).
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Fic. 7. Distribution of the chemical components and normative minerals across the L ukkulaisvaara intrusion.
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TABLLE 7.

Sample

THE LUKKULAISVAARA INTRUSION, NORTHERN KARELIA

CHEMICAL COMPOSITION OF ROCKS FROM THE LAYERED SERIES. WITH NORMS,
LUKKULAISVAARA INTRUSION

Si0,

TiO,

ALO,

1 0.0
2 40,0
11000
4 160.0
5 2240
6 2880
73450
& 3950
¢ MO0
10 7300
11 7900
12 BBO.O
13 510.0
14 8730
15 10350
16 10800
17 1160.0
13 11950
19 12400
20 13250
21 13880
22 1414.0
23 1440.0
24 14750
25 1492.0
26 1553.0
27 1613.0
28 17050
23 1805.0
3019150
31 1972.0
32 20400
33 20810
34 21160
35 21760
36 22400
37 22830
38 23070
39 23640
40 24064
41 24900
42 26030
43 2658.0
44 27200
45 2783.0
46 ZHIE.D
47 28990
48 2967.0
49 30130
30 30750
i1 312240
52 31820
53 320T.0
54 327R.0
55 3448.0
54 3509.0
57 33440
58 36450
39 37450
60 3915.0
61 3975.0
62 4035.0
63 40850
44 41850
6% 43350
&6 465010

0.000
0.00%
.22
0.034
0.043
0.062
(1074
G085
0095
0.157
G170
0189
0196
0.209
0.223
02312
0.249
0257
0,267
0.285
0.298
0.304
0310
T
0322
0.334
0347
0367
0.388
0412
0.426
0439
0.448
01,455
1468
0482
0.49]
0496
0,508
0.517
G 535
0,560
0.572
0.585
0.50%
1,615
(623
0.638
0648
D66l
0.671
0.684
0.690
0705
0.742
0.755
0,762
0.784
085
0.842
{1LA53
0.868
0878
(1900
0.932
1.000

108215
108-140
5320272
§52/182
552/86.3
119-166
16797
S5(4R0.0
S5M25
102273
102179
H2-36.6
Lu 601
Lu 6062
Lu 603
Lu 64
550158
S50/208
T &3
Lu 606
L 607
Lu 6071
Lu 608
T 60811
Lu 0%
Tu 610
Lu 61l
Lusl2
Lu 613
Lu6ld
Luals
Lu 616
Lusl?
Lu 613
Luosl®
Lu 622
Tu 623
Lu 304
Lu3dsl
Lu 306
Lu 307
L 309
Lu3l0
Lus3ll
Lu3i2
1313
Lu 314
Lu3l3
Tu3le
Lu 317
Lu31%
Luile
Lui2l
Lu 322
Lu 323
Lu 324
Ty 325
Lu 326
Lu 2041
Lu 10:2
Tau 10/4
207-7/7
Lu 237

55,40
50.40
40.86
41.97
4220
43,58
3068
40 06
4023
52.40
52.50
49.00
449,60
51.50
51.00
50,25
51.80
50050
5140
5105
4990
30.80
49.10
48 .80
5190
31.60
5095
51.35
3215
4930
J005
47.40
5150
46.30
5325
5116
49.90
50.03
45,20
50.30
50.65
43,60
§0.70
5100
370
50.60
3260
51.16
51.90
5230
51.60
51.50
42,85
51.30
5080
170
51.90
514G
45.79
51.78
52.68
54.23
5198

Lu?4/457 51.92
Lu 74/440 5185

8942-2/7

5130

0.2
028
031
nzr
0.24
23
024
.55
13
0335
035
0.20
020
n.42

14.30
©.2%
512
623
5.44
510
370
245
363

14.45

15.60

100,50

18.90

16.80

0.26 16.R0

038
0.15

13.50
13.35

0.1a 1673
.18 15.90

0.30
030
0,47
0.13

17.50
18.65

785
18.60

0.19 20.25

0.20
018
0.14
018
0,10
023
Q.15
o1
()
(.30
.08

15.70
1575
14,70
15.95
16.10
17.95
14.05
1395
1170
16.65

785

0.25 24.00
0.13 20.80
057 2045
0.36 16.55

033
026
021
0.61
0.23
0.1%
027
31

16.45
16.45
1790
12,30
1680
16,1
16.90
17.40

0322190

025
023
023
019
020
021

16.70
15.30
1310
14.50
18.00
1890

0.20 15.70
(114 1530
026 14.30
0,20 17.60

024

14.14

0282014

039

1628

g MnO Mg CaONa,0 K0 P00 11,0 FeO, PE Cpx Opx QN
*

620016
884 0.20
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Si0,, Ca0, Al,03 and NaO. An increase of normative
plagioclase and orthopyroxene, and SiO,, CaO, Al,03
and Na,O concentrations, marks the appearance of
cumul ative plagioclase and aslight increase of orthopy-
roxene in the norite-1 zone. An increase in hormative
clinopyroxene and CaO concentrations and slight de-
crease of the cumulative and normative orthopyroxene
content, and MgO, Al,O3 concentrations, mark the ap-
pearance of cumulative clinopyroxene in the gabbro-
norite-1 zone. An increase in normative olivine and
MgO concentrations, and slight decreasein SiO,, CaO,
Al;O3 and Na;O concentrations, mark the appearance
of cumulative olivine at the bottom of the gabbronorite-
1 zone. Orthopyroxene and plagioclase as cumulus min-
erals characterize the norite-2 zone, whereas olivine
occurs at the bottom of the zone, and clinopyroxene
occurs as an intercumulus mineral. These changes are
reflected by the distribution curves of normative ortho-
pyroxene, plagioclase, olivine and clinopyroxene. The
decrease in clinopyroxene content is accompanied by
an increase of MgO and lower CaO concentrations. The
gabbronorite-2 zone is characterized by the presence of
orthopyroxene, clinopyroxene and plagioclase as cumu-
lus minerals. An increase in clinopyroxene content is
accompanied by an increase of CaO and decrease of
MgO. The presence of normative olivine in these rocks
isan artifact, since magnetite was not considered in our
calculations. Exclusion of magnetite from the calcula-
tions of normative composition was conditioned by ana-
Iytical difficultiesin determining ferric and ferrousiron,
their dependence on the degree of the rock alteration,
and probable changes during sample grinding. Total iron
content is presented as FeO, which is the most appro-
priate for direct comparison of the chemical composi-
tion of the rocks with the results of modeling (Frenkel
et al. 1988, 1989). The upper boundary of this zone and
thelayered series, asawhole, correspondsto rockswith
maximum P,0s and TiO, contents and a slight increase
in normative quartz content. A sharp decrease in P,Os
and TiO, concentrations further upward is a character-
istic feature of the lower 200 m of the upper margina
zone. The presence of normative olivine in these rocks
also is an artifact.

According to the chemical data (Table 7) we calcu-
lated the mean composition of the layered complex (in
wit%): 51.02% SiO,, 0.28% TiOy, 15.35% Al,03, 7.82%
FeO, 0.16% MnO,12.69% MgO, 9.61%Ca0, 2.00%
NayO, 0.33% K50, and 0.03% P,Os. The wide occur-
rence of the layered series and its constant thickness
suggest that the cal culated composition may be closeto
that of the initial magma if emplacement of a single
magma formed the massif.

Judging from the cumulate sequence within the lay-
ered series, the order of crystallization (ignoring the
autonomous series of potholes) was as follows: olivine
+ chromian spinel — olivine + chromian spinel +
orthopyroxene— olivine + orthopyroxene + plagioclase
— orthopyroxene + plagioclase + clinopyroxene— pla-
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gioclase + alivine + orthopyroxene — orthopyroxene +
plagioclase— orthopyroxene + clinopyroxene + plagio-
clase + olivine— orthopyroxene + clinopyroxene + pla-
gioclase. The olivine-bearing cumulates invariably
overlie the pothole structures. The presence of fine-
grained gabbronorite and norite is a typical feature of
the potholes of the Lukkulaisvaaraintrusion. Their ori-
gin may be explained by injections of new batches of
magma. Thusthe distribution of elementsalong the ver-
tical sequence of the largest lenticular bodies of fine-
grained rocks is very revealing.

The first body

Concentrations of the mgjor elements were deter-
mined in 24 samples collected from the first-described
body of fine-grained gabbronorite (Figs. 2, 3a). Therea
thickness of the body isabout 90 m. Distributions of the
major elements and normative mineralsare very simple
(Fig. 8a, Table 5), and the weighted mean composition
of the body is (wWt%) 51.88% SiO,, 0.17% TiO,, 16.74%
Al,03, 5.35% FeO, 0.14% MnO, 11.20% MgO, 13.33%
Ca0, 1.06% Na0, 0.09% K0 and 0.03% P,Os.

The second body

Concentrations of the mgjor elements were deter-
mined in 32 samples collected from the second-de-
scribed body of fine-grained rocks (Fig. 2). The real
thickness is about 100 m. Patterns of distribution of the
major elements and normative minerals are more com-
plicated than in the first body (Fig. 8c, Table 5). The
absence of modal olivinein the fine-grained lithologies
(the parental melt was olivine-saturated) may be due to
rapid crystallization, but in the axial part of the body,
olivine was found in coarse-grained norites. The
weighted mean composition of the body is (wt%)
50.97% SiO,, 0.10% TiO,, 15.75% Al,03, 6.81% FeO,
0.14% MnO, 12.32% MgO, 12.20% Ca0, 1.54% Na0,
0.13% K0, and 0.04% P,0s. The weighted mean com-
position of the Lukkulaisvaara intrusion is chemically
close to that of the lenticular bodies of fine-grained
rocks, but there are some differences in Ca content.

DistriBuTiON OF Ni, Co, Cr anp Cu
ALONG THE VERTICAL SEQUENCE
OF THE LUKKULAISVAARA MASSIF AND BoDIES
oF FINE-GRAINED Rocks; CONCENTRATIONS
oF THE LREE IN THE FINE-GRAINED Rocks

The entire Lukkulaisvaara section

The maximum Cr concentration was observed in the
ultrabasic zone, where chromian spinel is a cumulus
minera (Fig. 9). Cr contents in the basic part of thein-
trusion coincide with the marker horizons of potholes
and the bodies of fine-grained rocks, where dissemina-
tions of chromian spinel were found. A relatively dis-
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tinct correlation between Cr and Ni is observed in the
basic part of theintrusion. Ni distribution correlateswith
the content of olivine and Fe-Ni—Cu sulfide. The distri-
bution of Cu is not related to the rock-forming miner-
als. Low concentrations and uniform distribution of Cu
were observed in the norite-1 zone, gabbronorite-1 zone,
norite-2 zone and gabbronorite-2 zone, but high con-
centrations of Cu were observed in the ultrabasic zone
and at the boundaries between norite-1 and gabbro-
norite-1 zones, gabbronorite-1 and norite-2 zones. The
maximum Cu content in the basic part of intrusion co-
incides with the marker horizons in the footwall units,
with Fe-Ni—Cu sulfides developed around potholes.

Table 8 gives the weighted mean content of Ni
(373 ppm), Co (54 ppm), Cr (514 ppm) and Cu (46 ppm)
within the massif asawhole. The Ni/Co ratio decreases
regularly up the profile, in agreement with the conclu-
sion that fractional crystallization was important in
magma evolution, because the partition coefficients of
Co between the ferromagnesian minerals and the melt
are less than those of Ni. The significance of fractional
crystallization in the distribution of trace elements is
confirmed by the evolution of their concentrations in
residual melts. These concentrations were calculated as
weighted average values for the interval from the level
of sampling to the lower boundary of the upper mar-
ginal zone. During solidification of the complex, con-
stant convection of the magma occurred above the upper
boundary of the cumulates, so the weighted mean con-
centrations might be considered to be the content of the
elements in the residual magma. The evolution of rela-
tive concentrations of trace el ements in comparison to
Ti and P behavior isillustrated by Figure 10. Ti and P
may be considered as incompatible elements, because
cumul ate magnetite and apatite were not formed during
crystallization. The deflection of Ni and Cr evolution
curves from those for Ti and P took place at the very
beginning of crystallization, because olivine and
chromite were the first liquidus phases. However, Cr
behavior is more complicated and related to the influ-
ence of the fine-grained rocks, which are widespread in
the gabbronorite-2 zone. Evolutionary paths of Cu de-
viate significantly from those of Ti and P from the point
at which sulfide phases appeared. After that, Cu behaves
as atypical incompatible element.

The lenticular bodies of fine-grained
gabbronorite and norite

In the first body (Table 9, Fig. 8b), Cr concentra-
tionsin the fine-grained rocks are generally above 250
ppm and show asymmetrical distribution along the ver-
tical sequence. Relatively Cr-rich rocks (460 ppm) were
found in the sulfide-bearing altered coarse-grained
gabbronorite (the axial part of the body). The distribu-
tion of Cr isin agreement with the clinopyroxene com-
position (Cr content in the clinopyroxene is up to 0.70
wt% Cr,O3 at the bottom and top of the body, and up to
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0.17 wt% near the axial part). Asshownin Figure 8, the
distribution of Ni and Coissimilar. The maximum con-
tent of these elements (306 ppm Ni, 57 ppm Co) was
found in the sulfide-bearing rocks. The weighted mean
contents of the elementsin the first body are: 288 ppm
Cr, 205 ppm Ni, 38 ppm Co, 31 ppm Cu.

In the second body (Table 9, Fig. 8d), the highest Cr
content is found in the chromian-spinel-bearing fine-
grained pyroxenites at the bottom (up to 2600 ppm) and
at the top (500-1250 ppm) of the body. Ni concentra-
tion is related to the olivine and in some cases to the
Fe-Ni—Cu sulfide content. The maximum content of this
element (550 ppm) is found in the olivine-bearing
coarse-grained norites at the axial part of the body of
fine-grained rocks. The distribution of Cu shows no
dependence on the rock-forming silicate content.
Slightly higher concentrations and a uniform distribu-
tion of Cu are noted in the fine-grained pyroxeniteswith
fine sulfide grains. The weighted mean contents of the
elements in the second body are: 856 ppm Cr, 287 ppm
Ni, 53 ppm Co, and 75 ppm Cu.

Three total rare-earth element (XREE) concentra-
tionsin the fine-grained rocks were obtained (Table 10).
The first two patterns apply to fine-grained norite, the
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52 S50/166 1222 0.299 15 232 39 736 595 126 Lud4s 3342 818 17 129 40 it 123
55 5507146 12353 0,302 14 228 45 Th5 507 127 Lu 343 3362 523 22 %R 47 33 4.0
54 Ly 608 1240 0304 7 104 47 200 413 128 Lu34? 3381 0.828 18 17 43 72 15
55 Lu 6% 1325 0374 32 15% 40 478 645 128 Lu3lds 3396 083l 34 117 36 58 3.23
56 Lu 654 1364 0334 7 318 5z 756 8.31 130 Lu 345 3406 0 R34 4} 94 30 49 i3
57 Lu 653 1372 0336 ] 175 A8 T4 3,80 131 ILui34d 3412 083s 22 180 47 103 ER:x]
58 Lug52 1374 0336 114 370 41 b 202 132 Lu343 3423 0.834 2 134 47 72 283
50 1u 651 1380 0.338 310 ad0 69 Fell 928 133 Tu323 3448 11844 kel 155 47 i1 330
60 Lu6sd 1384 0.33% 34 313 46 401 .80 134 Luo33 3474 0.5 21 138 47 7 2,54
Bl Ty 642 1387 0.34 175 172 353259 4.91 135 Lu 340 3487 0.854 17 130 48 23 283
62 Ly 607 13R% 034 41 211 35 £33 5,86 136 Tu 324 3509 0.85% 7 147 42 40 335
63 luto¥l 1414 0.346 4 367 830 i34 058 137 Lu333 3528 0864 20 120 49 23 245
64 Luail 14235 0340 305 655 4z 408 15.60 138 Lu3zs 3544 0,568 1% 156 30 7 112
55 Lu 632 1435 0151 72 297 13 213 on 139 Lu 34l 3545 0468 14 158 37 20 237
66 Lu 605 1440 0.353 43 244 43 o961 5.67 140 Lu342 3544 (t RER 15 19 120 25 1)
67 Lugo®a1 1441 0,353 322 403 43 3484 037 141  Lu3i2z 3349 0.569 10 116 23 34 A b
1 La633 14413 0353 547 Bl6 of  33z4 120 142 Lu 350 3565 0.873 32 140 43 35 186
69 Lu 634 1446 0354 44 410 42 63 976 143 T 33l 3589 0E79 18 1o 43 17 2.56
K] Lu 635 1480 0362 38 270 49 T48 351 144 Lud2 3045 0352 ¥ lle a4 38 2.64
71 Lu 6% 1490 0.367 26 190 43 T2 4,61 145 Lu 10 3745 0917 37 115 56 23 205
72 L 6346 1560 0.36% &8 280 43 AEN a.51 146 Lu 1072 3Ns 0935 37 T 7 14 1.89
3 Lu 637 1520 0372 56 225 43 553 523 147 Lu o4 3975 0973 18 a4 51 2% 184
4 Tu638 1540 037 24 200 46 523 435 146 Lu237 4085 1 85 24 45 15 .53

Concentrations are reported in ppm.
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TABLE 2. Cu, ML Co. Cr CONTENT IM THE FINE-GRAINED ROCKS,
LUKKULAISY AARA INTRUSTON

Sample Hm Ni Co O (n Sawrple  Hm N Co Cr Co
First body Second body

1505 03 206 38 354 17 Lu-2004 330 220 45 320 47
1506 1.5 150 30 307 40 Lo od4 41.0 340 35 631 403
1507 T4 180 3% 287 22 Lu-200a 480 157 37 451 19
1508 121 167 3% 249 14 Luals 64.0 250 50 32T 44
1309 141 173 35 234 14 Lu-2012 0 168 41 351 15
1510 2001 167 36 250 1D Lu 43 4.0 18T S0 542 22
1511 271 238 42 320 1e Lu-2016 860 142 53 318 79
512 3l& 144 30 257 25 Lu 546 910 55 3 a0 36
1513 368 2123 30 224 14 lu-2019 100 524 67 2554 |7
1514 428 220 40 247 25 Lu-2021 MR0 166 40 474 14
1315 47T 217 41 290 15 Lu-2025 121.0 276 42 631178
1516 320 210 25 293 210 Ludls 1250 551 71 5ad 1%
137 563 217 35 254 10 Lu-2028 1320 206 40 432 41
318 600 214 37 271 24 Lu-2032 1450 184 40 598 16
(5334 63,8 197 39 267 13 Lu-203% 1ol 172 42 58% 17
1520 685 306 57 462 127 Tudl? 1660 326 63 1246 30
1521 T3 194 40 284 13 TuslTH 1665 136 3% 308 10
1322 T2 23 39 3% 12 Lu-2045 173 262 38 03% 35
1523 TTS 237 40 334 12

1524 R2L 20T 37 35T 7

1525 842 |94 43 327 19

1526 853 200 39 347 4

1527 7.0 {90 37 380 11

H m: height in meters. Concentrations are reported in ppom.

TABLE 10, COMPOSITION OF FINL-GRAINCD ROCKS
FRO VARLIOLS TNITS,
LURKLTATSVAARA INTRUSION

Sample  5iQ, TiQy ALD; FeCy MnO Mg CoO Na0 K0 PO, Total
192} 5108 02512710 %05 01T IR24 716 106 D14 ODE 10018
kT 4056 01111107161 0171998 12.24 {12 002 006 9623
1HSZ) 5208 008 1734 444 012 11291302 L34 006 0403 10000

Ni Cr Cu Lo Ce Nd Sm Eu Tb Yb Lu
192y 3986 16173 421 14 50 30 047 024 01 050 048

037 013 01 024 004
022 036 01 023 003

92 5128 12198
13(32) 1658 4597

17 03 2 1
64 05 2 1

{Cnncentrations are reposted b wr% {major element as oxides) and ppm {trace
¢lemients)

third, to fine-grained gabbronorite. The 3 REE patterns
of both lithol ogies show only agently descending slope
(Fig. 11), and chondrite-normalized concentrations are
not above eight times chondrite.

CoNSTRAINTS ON CONDITIONS OF ALTERATION

The strongly metamorphosed lithologies of the
Lukkulaisvaara complex exhibit the highest concentra-
tions of PGE. Thus the crystallization of the ore miner-
als together with secondary minerals indicate that
crystallization of platinum-group minerals and Cu—Ni—

THE CANADIAN MINERALOGIST

Fe sulfides took place under the same conditions as
those for the formation of secondary minerals.

Fluid inclusions in epigenetic quartz from
gabbroic pegmatites

Fluid inclusions were studied in quartz from quartz
veins (two samples), segregations of alteration minerals
with sulfides (one sample) and from gabbroic pegma-
tites (two samples). The rim of quartz grains from gab-
broic pegmatites was extensively deformed and cut by
thin cracks filled with ateration minerals. Quartz from
all samples contains abundant trails of fluid inclusions
and clustered zones. Isolated inclusions are rare. The
size and composition of the inclusions from the cluster
zone and in some trails are highly variable. The diam-
eter of the inclusions varies from 25 pum to less than
1 pm. Small inclusionsaretypical of quartz grainsfrom
gabbroic pegmatites. Most of the inclusions are either
monophase or consist of two phases, liquid and vapor.
Inclusions filled only by H,O (initia ice-melting tem-
peratures 0°C and —1°C) usually occur along thin cracks
in quartz and in intergranular spaces. We suggest that
inclusions of this type were trapped after the crystalli-
zation of quartz grains as aresult of their ateration. In
some cases, hydrocarbon inclusions cut the quartz crys-
tals where agueous fluid-vapor and aqueous fluid—salt
inclusions occur. A few large irregular inclusions con-
tain asolid phase (salt) and vapor. Inclusions of the last
three types were examined. Initial ice-melting tempera-
tures between —20°C and —21°C suggest that some H,O-
rich inclusions and inclusions with a solid phase can be
modeled in the H,O-NaCl system. The final melting
temperature of iceisin therange—4°Cto—0.5°C, which
restricts the salinity of the inclusionsto 1.0 to 5.0 wt%
NaCl equivalent for the H,O-NaCl system. The volume
percent of vapor in all the inclusions at room tempera-
tureismuch lessthan that of theliquid or the cubic solid
phase. Another type of two-phase CO, inclusion (T et
=56.6°C and T}, in the range 10-28°C, and densities
between 0.66 and 0.87) iswidespread in quartz of quartz
veins and gabbroic pegmatites. Inclusions with Tpgt =
58°C contain CH4 and N,. Thus, seven types of fluid
inclusion were found, of which the first three predomi-
nate: 1) H,O-rich, 2) CO,-rich, 3) H,O-sdlt, 4) CO—
H,0 mixture, 5) H,O-NaCl (solid)—vapor, 6) CHs—Ny,
7) CO—CH4sNa.

Determination of the composition of inclusions in
quartz from segregations of alteration minerals with
sulfides by mass thermography has shown that the in-
clusions with a decrepitation temperature of about
150°C arefilled only with H,O, whereasinclusionswith
adecrepitation temperature of 300° to 400°C consist, in
genera (mol.%), of 63.5% H,0, 17% CO,, 1% CH,,
7% CO, and total sum of hydrocarbon = 11.5%. Inclu-
sions with a decrepitation temperature of up to 550°C,
as in the case of the first temperature interval, consist
only of H,O. Determination of the composition of in-
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Complex (after Hatton & Sharp 1989).

clusions in quartz from the quartz veins provides an-
other type of fluid distribution: for the interval from
250°C to 450°C: 78-79% H,0, 1-2% CO,, 0-0.5%
CHy, 17-20% CO (in mol%); for the interval 450—
600°C: 80-93% H,0, 0.5-2% CO,, 0.2-0.5% CHy, 5
16% CO.

As noted above, two samples of gabbroic pegmatite
were examined. Determination of the composition of
inclusions in quartz from this type of rock gave amore
complicated picture: for the interval 250-500°C: 57—
69% H,0, 2-20% CO,, 0-0.4% CH,, 17-29% CO, 0—
2% Ny, for the interval 500-700°C: 71-75% H-0,
4-17% CO, 0.4-1% CH,4, 5-20% CO, 0-1,5% Np, for
the interval 700-900°C: 45-72% H,0, 4-26% CO,,
0.04-0.08% CH,, 8-18% CO, for the interval 900—
1000°C: 46-53% H0, 2-25% CO,, 20-34% H,, 6-9%
CO (al gas concentrations in mol. %). The high tem-
perature-intervals of decrepitation testify that quartz
from the gabbroic pegmatites has fluid inclusions of
magmatic stage. The diameter of magmatic inclusions
islessthan 0.5 pm.

Gas—H,0 inclusions were used to study Ty. The
maximum Ty, is 370°C (the group of gas-iquid inclu-
sions with gas contents of 40%). Another group of in-
clusions showed Ty, = 290°C (gas—H-0 inclusions with
gas contents of 30-35%). Inclusions with T}, = 230°C
and lower are predominantly H,O-filled. Inclusions
filled only with hydrocarbon display a statistical rela-
tionship with the group of inclusions with Ty, = 290°C.
The homogenization of a gas bubble to liquid in the

liquid—salt inclusions occurs at 230°C, and the sdlt is
dissolved at 360°C. The difference between the homo-
genization temperatures allows an estimate of fluid pres-
sure during crystallization of the secondary mineralsto
be made by applying experimental curves, giving an
estimate of 1.5-2.0 kbar. The isochors for the CO, in-
clusions in quartz from the quartz veins and the gab-
broic pegmatites (densities 0.66-0.87) indicate asimilar
pressure, about 1.4-2.5 kbar at 200 < T < 400°C, re-
spectively.

Constraints on conditions of alteration
on the basis of paragenetic analysis

To estimate P-T parameters of rock ateration, it is
necessary to take into consideration that minerals from
reaction zones do not form equilibrated parageneses.
Therefore, the stability conditions of certain phasesonly
could be estimated. For aluminosilicates (amphibole and
plagioclase), which are stable over awide interval of P
and T, it is possible to study only the aluminum-free
system MgO-SiOH,0. FeO isexcluded from the sys-
tem because of the absence of reliable thermodynamic
parameters of someiron-bearing phases. Equilibriawere
calculated with GEGCALC and TWEEQU programs
(Berman et al. 1987, Berman 1988, 1991). The results
are presented in Figure 11a. Itisobviousthat at P=2.5
kbar, which is determined from the thermobarometric
and geochemical data, the first hydrous silicate to ap-
pear at T = 800°C is anthophyllite, then talc appears at
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T = 720°C. The coexistence of these two minerals is
possible, and this is a characteristic association in the
rocks studied. Enstatite disappearsfrom the systemat T
=700°C, and anthophyllite does so at T = 600°C. Thus,
the maximum interval of stability to produce the alter-
ation of the first type of assemblages (M1) is 660—
800°C. Inredlity, thisinterval isnarrower, because some
of the equilibria (Fig. 12a) include quartz, but satura-
tion in this system is not reached. At the same time,
forsterite, which takes part in other equilibria, is not
determined in these rocks. This pointsto a higher activ-
ity of SiO, compared to the activity necessary for sta-
bility of this mineral.

Estimation of the thermodynamic conditions of sta-
bility (P-T parameters) of the M2 assemblages was car-
ried out for the association clinozoisite + tremolite +
chlorite + quartz £ biotite + muscovite (Fig. 12b). The
activities of phlogopite in biotite, 0.66, and of clino-
chlorein chlorite, 0.7, obtained on the basis of mineral
compositions (Semenov et al. 1997), and models of
ideal solid-solution (Koltsov & Rusinova 1997), were
taken for calculations. It is obvious that the formation
of such an association is possible in the interval 350—
450°C, and this temperature interval becomes wider
with increasing pressure. The lower limit is 1.5 kbar.
Theline of univariant equilibrium Tr + Ms= Czo + Chl
+Bt+Qu+H,Oat T=400°C dividesthefield into two
parts, low and high temperature, which correspond to
the fields of stability of muscovite- and biotite-bearing
associations. Pressure and temperature estimations were
also obtained using the internally consistent thermody-
namic database of Berman et al. (1987) and Berman
(1988, 1991).

Garnet, hornblende, and plagioclase are the end-
member phases used in TWEEQU program calculations
(Table 11). There are five possible equilibria that can
be written for the selected end-member phases. The re-
sultsgave 8.5 < P < 12.2 kbar, 550° < T < 928°C for a
sample taken near the contact with the body of fine-

TABLE 11. CHEMICAT COMPOSTTION (OF GARNEL, HORNRI.TNDE
AND PLAGIOCLASE 1N HYDROTHERMALLY ALTERED ROCKS,
LUKKULAISYAARA INTRUSION

G8%a G689 603 421

Grt Hh Pl Gnt HWl Pl Gt Hbl Fl Grt T M

Si0, 3816 33,70 48.60 3¥.00 41,32 50.08 37,34 42.78 49,066 38.01 40.74 5337
Tigd, D00 000 00¢ 000 000 000 000 000 000 0.00 OO0 000
ALDA1816 1964 2050 2210 18,86 3167 2205 RER 3100 20.09 16.92 2842
Fe( 2847 I6.61 0.0024.01 1434 6002560 963 046 2503 21.17 (.97
Mn() 248 000 0050 15% 0.00 000 231 Q00 .00 638 000 000
MgQ 361 614 000 6451218 000 607 1672 000 098 411 000
Cald B65 1393 1641 675 [9.02 1481 352 11.77 1168 B.ST 1243 1194
Ma 0.00 2.0Z 435 06l 232 334 049 119 340 000 0BT 34
K0 000 075 040 000 085 000 000 0.00 003 000 156 GO0

Concentrations reported in wt %6.
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grained rocks, and 6.3 < P< 7.6 kbar, 625° < T < 755°C
and 2.7 < O < 5.2 kbar, 480° < T < 550°C for asample
taken at some distance from the body of fine-grained
rocks, the lowest parameters being close to the forma-
tion conditionsof M2 (a, b) assemblages (Fig. 12c). The
equilibriafor the garnet, amphibole and plagioclase as-
semblages of the ore-bearing rocks did not give a pre-
Cise intersection.

Three versions of the alteration processes were stud-
ied by means of computer modeling using the method
of step-by-step multiwave reactor with various values
of the water:rock ratio (W/R): 1) bimetasomatic inter-
action of various minerals, 2) metamorphic alteration,
and 3) metasomatic alteration by cooling and decom-
pression during fluid flow. The composition of second-
ary minerals and the zoning of the rocks with M1
assemblages are well reproduced by a model of diffu-
siveinteraction among grains. Minimum W/R valuesfor
starting orthopyroxene substitution are 1.5-2.0 orders
of magnitude lower than for plagioclase, corresponding
to the much wider reaction rims around orthopyroxene
grains in these rocks. Na-rich amphibole formed after
plagioclase also is characteristic. Integral W/R is near
0.01 and is determined by the fluid reservoir in the
remaining melt. The formation of M2 mineral assem-
blages is described by a metasomatic decompression-
process model, development of such a process being
favored by low-temperature conditions when brittle de-
formation led to the formation of fluid conduits.

Sm-Nd anD Rb-Sr Isotope Systems

Sr and Nd systematics of the main rock-types from
the layered series were studied to search for genetic
regularities in the spread of isotope signatures across
the intrusive body (Amelin & Semenov 1996). The
samples analyzed in this study are representative of
norite (Lu 603, 606, 623, 860, 302), gabbronorite (Lu
609, 324) and fine-grained norite and gabbronorite (Lu
146/5, 617, 617/1, 854/3, 306/1). Magmatic minerals
were separated from fine-grained rocks (Lu 617), and
metamorphic minerals were separated from samples of
altered sulfide-bearing norite (Lu 302, 860, mineral as-
semblage M2). The norite sample Lu 302 was taken
from near the body of fine-grained rocks (noritell zone,
Fig. 3c), and the strongly altered leucocratic norite,
sample Lu 860, wastaken from thelayered series (norite
Il zone). Separation of the mineral phases was carried
out according to standard methods using heavy liquids.
Mineral separates were then hand-picked under the mi-
croscope. The small size and intergrown nature of the
mineral aggregates did not allow separation of atotally
pure mineral fraction, and up to 10-20 wt% impurity is
present in some separates. The results are presented in
Table 12.

The Sm—Nd isochrons were constructed on five
whole-rock samples (fine-grained rock) and magmetic
minera phases: 2429 + 68 Ma, MSWD = 1.66 (whole-
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TABLE 12, Sr AWD Nd [SOTOPE DATA TOR ROCKS AND MINERAL SEPARATES
FROM THE LUKKUL A13VAARA LAYERED INTRUSTON, NORTHERN KARELIA

Sample [Sm] [Md] WSm/ YN € T [RB] [S1]  Rb ey Lo
ppm ppm NG NG 2440 Ma ppm ppm ®Sc *Sr 2440
+20 =2
fine-grained rocks
tu 617 0440 3242 00823 051096414 =327 2525 119 190 01813 Q.703408+18 070177
Lu—617 Opx—1 0,504 2361 01204 051172416 ~3.32 2369 266 283 00354 0703864116 0.70262
Lu—617 Ops—2 0.124 0333 01608 0512241£18 +3.56 2610 456 179 00824 074424119 078152
Lu—617Pi-1 0316 2565 0006 051084712 4338 2514 146 422 00007 070301114 070287
Lo-617 -2 0191 1301 Q0891 Q511082117 +3.43 2520 125 478 00078 0.702934+(2 070266
Tu 1465 0510 2008 01539 0512229416 4346 2590 700 240 00836 0.704608+[3 070159
Lu-61711 0222 0819 01647 0.512270£16 +3.04 2705 0928 258 0004 0.703245+23 0.70288
Lu—308/1 0450 1701 01610 0.512264+16 +3.94 2556 205 337 01761 070773623 070153
Ly—854/3 0.ESE 3831 01358 051184012 +357 2355 837 243 00994 0705114125 070161
mafic rocks from the layered series
La 307 0.932 4112 0.1374 0.511485£14 --3.95 3312 345 286 03490 0.710080L16 0.69779
Ly—60% 0.616 2.590 0.1443 0.511716+15 154 3152 274 234  0.033% 070367314 0.7024%
Lu- 06 1067 5248 01230 0.511334+16 - 234 3038 934 205 01021 070587529 0.7022%8
L6403 0,853 4055 01277 0511330419 —3.88 3206 157 254 01784 0707I187x16 0.70000
Lu—324 0451 1610 01703 051217518 —0.74 3405 793 274 00838 0.FMI1IEZS 070156
Lu—23 D485 2.347 01252 0DS11360£16 —2.35 3056 149 337 01276 070632414 070183
Lu-860 1.911 1050 Q1105 DS11140£14 217 2952 1.03 514  0.0058 0.705253113 0.70505
Lu-B60 Scp 0052 0251 001250 0311355423 253 3067 196 599 00090 0.705734+31 070542
Lu-14% 0,247 1,057 0.1413 051167913 —13 3082 215 257 00243 070309+ 070313
Lu l49 Pl 0.081 0.589 00832 0.310750=35 -12 2790 125 431 0.0084 0.7030%+H 0. T0278
Lu--146-7P] 0100 0814 00746 051050113 1.6 2700 245 402 00176 0.70346+] 0 70284
Lu—HE-1 Bl 0224 1635 0.0850 051060527 .22 2849 262 461  0.0164 (.T03504] 07031
Lu-614 Pl 0.119 1912 0710 G.510525+18 —1.8 2790 120 352 G058 070473+ 070100
5 v minerals ple Lu-362)
WE 143 726 01196 051146727 —1.36 2715 372 370 02904 07072327 DE90RY
Chl 0518 269 01166 0511406215 ~L11 2726 199 948 06089 071063520 068019
Cze 270 129 01269 0511502511 026 2881 210 795 00765 070470613 0.70207
Tl G987 613 00977 051106111 1030 2733 333 713 001348 0.TOAEEI:14 070113
Amp 153 518 01787 0.512218=23 256 4034 943 346 T.RI9F 0.714524£13 (43601
Ap 683 3133 01245 0.511386=5 —1 78 2099 943 565 00482 (0704345422 (0.70263
. I T ; r T T T T T ¥ T
fukkulaisvaara intrusion Lukkulaisvaara intrusion
CHM - nearmained rocks Lu-2051 a BEH T fineringd rock
whols rock sampley Lu-6171 BLu-617 A
asze N sz =
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Fic. 13.  Sm-Nd isochron diagram for whole-rock samples consisting of fine-grained rocks (a) and magmatic mineral separates
from fine-grained norites (b) of the L ukkulaisvaara complex.
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rock isochron) and 2451 + 23 Ma, MSWD = 1.06 (min-
eral isochron). These estimates are within the error lim-
its of the age obtained by the U-Pb method (2442.1 +
1.4 Ma, Amelin et al. 1995) for the Lukkulaisvaarain-
trusion (Figs.13a, b).

The calculated values of eng (2440 Ma) determined
on a small number of samples display some variations
across the section (Fig. 14). Nevertheless, two parts of
the section are distinctly characterized by positive val-
ues, eng(T) = +3.04 and +3.94. The most pronounced
spike in the Nd isotopic composition is represented by
the fine-grained gabbronorite and norite that form sill-
like bodies among the rocks of the layered series. At the
same time, the rocks of layered series have negative
values of eng(T), from —0.74 t0 —3.95 (Table 12). How-
ever, the Nd content in whole-rock samples varies be-
tween 1.6 and 5.2 ppm (with the exception of sample
Lu—860, with 10.5 ppm Nd), but no relationships be-
tween concentration and neodymium isotope composi-
tion are observed. Therefore, these Nd isotopic
compositions could be ascribed to initial Nd signatures
from the time of emplacement. Such eng(T) valuesin

100 L
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the Lukkulaisvaaraintrusion could reflect theinitial iso-
topic heterogeneity due to multipleinjections of magma.
It is noteworthy that thereis atendency for the Nd con-
tent to increase (Fig. 14) from the top of the section
(gabbronorite |1 zone, 1.61 ppm) to the bottom (norite |
zone, 5.25 ppm).

The values of initia strontium composition in the
rocks of thelayered seriesand fine-grained rocks, 1 4(T),
are within 0.69779 — 0.70505 and 0.70152 — 0.70288,
respectively (Table 12). The higher |4(T) isobserved in
a sample of strongly metamorphosed |leucocratic
gabbronorite (Lu 860). Unusually low values of 1g(T)
in the range 0.69779-0.69689, were calculated for al-
tered gabbronorite and norite (Lu 307, 302), providing
evidence on the post-crystallization mobility of Rb and
Sr. The higher value of 14(T), 0.70505, is apparently a
result of metamorphic (metasomatic) alteration, particu-
larly addition of Rb. Itisclear that 1s(T) values obtained
for ssmplesLu 617, 308/1, 603, 606, 623, 307 also sug-
gest that the Rb—Sr system was disturbed, probably be-
cause of Rb mobility during metamorphism. The
apparent Rb—Sr isochron age for samples Lu 603, 606,
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623, 307, 1189 + 53 Ma, (Fig. 15) issignificantly lower
than the age of crystallization, and confirmsthe opinion
that the intrusion was affected by metamorphism.

The Sr and Nd isotope systems of the metamorphic
(metasomatic) mineral phases were investigated to de-
termine the time of secondary mineral formation and
the source of the fluid. The results of isotopeinvestiga-
tions are shown in Table 12.

If the secondary mineral associations had been
formed in an open (metasomatic) system, element mi-
gration might have occurred and thus affected the iso-
tope dating. Nevertheless, under certain conditions
(intense circulation of fluid, considerable amount of
fluid, long-lived system) isotope homogeneity of the
system can be realized at the local level. In this case, it
is possible to obtain meaningful data, suggesting that
all selected minerals belong to the simultaneously
formed mineral assemblage. Theresults of the geochro-
nological studies of the minerals from the M2 assem-
blages prove the multiple origin of the mineral s because
all the minerals do not form acommon trend in Sm-Nd
isotope space (Semenov et al. 1998). Nevertheless, the
age of mineral formation coincides (Semenov et al.
1998) with the age of formation of the layered intrusion
itself (2442 + 1.4 Ma, Amelin et al. 1995). The metaso-
matic fluid had more mantle-related characteristics (eng
from +1.36 to —2.56 for secondary minerals) than the
source of the rocks of the layered series (eng from —1.9
to —2.4). This could have resulted from different pro-
portions of uplifted material and, consequently, differ-
ent degrees of contamination of the initial substances
by the material of the host rocks.

The apparent Rb—Sr isochron age (782 + 23 Ma) for
the secondary minerals (sample Lu 302) issignificantly
younger than the age of crystallization, and confirmsthe
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opinion that the intrusion was repeatedly affected by
metamorphism. The partial re-equilibration of the Rb—
Sr isotope system can berel ated to hydrothermal activity
associated with the metamorphic processes. However,
apatite is characterized by a low content of Rb and a
high content of Sr, so there is little possibility that the
initial 87Sr/%8Sr ratio in apatite has been changed during
hydrothermal alteration. Thus, the 87Sr/8sr = 0.7028
obtained from apatite was used to calculate the initial
Sr composition of the fluid.

Discussion

For the first time, the inner structure of the Lukku-
laisvaaraintrusion is described in detail, and the evolu-
tion of the rock composition is characterized
numerically. The massif is shown to be atypical intru-
sion that differentiated in situ. Originally, the southern
and northern boundaries of the intrusion were consid-
ered itslower and upper contacts, respectively. The pri-
mary role of fractional crystallization is confirmed by
the vertical sequence of cumulate parageneses and the
regularitiesin the evolution of trace-element concentra-
tions in the rocks and residual magmeas.

A comparison of the weighted mean composition of
the intrusion with compositionally different magmas
(Cameron et al. 1979, Hickey & Frey 1982, Dobretsov
et al. 1980, Bogatikov et al. 1987) points to a consis-
tency with magmas of the boninite — marianite series.
However, this does not solve the problem concerning
the composition of the parental magma because of the
possible multiphase structure of the intrusion.

Structures (Fig. 3) similar in morphology to the* pot-
holes’ of the Merensky Reef in the Bushveld Complex
occur (Campbell et al. 1983, Buntin et al. 1985, Kruger
& Marsh 1985, Campbell 1986, Ballhaus 1988). Many
authors (Campbell et al. 1983, Campbell 1986, Kruger
& Marsh 1985) related the origin of such potholes to
injection of new portions of magma. The identical na-
ture of the structures is emphasized by similar host-
rocks, namely, spotted anorthosites, gabbroic
pegmatites, and poikilitic bronzitites and norites. The
presence of fine-grained rocks is a peculiarity of the
potholes of the Lukkulaisvaaraintrusion. Thetexture of
these rocks suggests rapid crystallization of the newly
injected melts.

Fine-grained gabbronorite and norite form large and
small lenticular bodies. The weighted mean composi-
tion of the Lukkulaisvaaraintrusion is chemically close
to the weighted mean composition of the large lenticu-
lar bodies of fine-grained rocks. Weinfer thissimilarity
from the closeness of compositions of the petrochemi-
cal types of rocks (Fig. 5). Concentrations of Cr are
above 300 and 800 ppm, respectively, which is typical
for primitive mantle-derived melts. The 3 REE concen-
trations in the fine-grained rocks also have a primitive
character, and the patterns are subhorizontal with a
slight enrichment in 2 REE, up to eight times chondritic.
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Thedistribution of the major elements, Cr, and Ni along
the profile through the bodies of fine-grained rock char-
acterizesthelatter asindependent magmatic formations,
the crystallization of which took place under closed-
system conditions. 1 sotopic investigations also support
this conclusion.

No mixing or only limited mixing seems to have
occurred, since: (1) thereis adifference in the physical
properties of new and resident melts, (2) thefine-grained
rocks are distinctly characterized by positive eng(T)
from +3.04 to +3.94, (3) the fine-grained rocks have a
primary composition and chilled structure. Thetempera-
ture of liquidus and densities of the evolved residual
melt and the added melt for dry conditions are as fol-
lows: 1200°C and 2.70-2.74 g/cm® for resident melt;
1280-1300°C and 2.69-2.71 g/cmd for the injected melt
(Semenov et al. 1996). The injection of melt into the
chamber suggests that the melt was under higher pres-
sure (P, including the partial pressure of the fluid for
the“wet” system) than the pressurein the magmacham-
ber. That is why the rapid crystallization of the fine-
grained rocks could be due to rapid loss of volatiles
(decompression effect) and the difference in tempera-
ture.

P-T conditions of metamorphism derived from gar-
net assosi ations (hornblende + garnet + plagioclase) may
be aresult of additional injection of fresh magma into
the crystallized (solidified) part of the chamber (Fig. 3).
The maximum pressure (P, = 12 kbar) obtained from
the exocontact zone of the fine-grained rock bodies must
correspond to the conditions of intrusion of fresh
magma, but the minimum pressure (P, = 8 — 4 kbar)
may be connected with the distance of the sample from
the site of injection of new magma or with the relax-
ation of Py, During the cooling stage, T = 800-900°C
reflects the closure temperature of the solidified part of
the layered intrusion.

All these data provide evidence of the multiphase
nature of the intrusive body. The formation of potholes
is connected with these additional intrusions. The com-
position of magmas injected late is close to that of the
primary magma and does not influence the estimated
composition of the primary magma.

The results of the present study of the Lukku-
|ai svaara ore-bearing rocks are summarized as follows:
a) discovery of the relations between the Pt-rich ore
deposits and atered rocks of the pothole structures. We
propose that the potholes play the role of “traps’ or act
asageochemical buffer for highly mineralized fluid; b)
coexistence of sulfide and precious metal mineralswith
secondary silicate mineralsand calcitein al cases stud-
ied; ¢) the conditions of formation of the ore-bearing
mineral associations are: 660 < T < 800°C and 1.5< P
< 3.0 kbar (assemblagesM 1); 320 < T < 450°C and 1.5
< P < 2.5 kbar (assemblages M2); d) 800 < T < 900°C
and 8.0 < P < 12.0 kbar was obtained for the garnet-
bearing assemblage M2,d, and 8.0 < P, < 12.0 kbar is
related to the pressure of a new injection of magma; €)
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the fluid of the ore-bearing rocks was enriched in chlo-
rine; f) the M1 association developed in veinsin pyrox-
enite and gabbronorite, and the M2 association
developed in leucocratic gabbronorite — anorthosites
overlying the microgabbronorite of the norite-Il zone,
are characterized by the richest sulfide and platinum
mineraization (Table 1, 2, 3).

Theoretically, it has been proved that the bodies of
fine-grained rocks should cause deformation of the host
rocks during cooling of the intrusion. Such a deforma-
tion caused local decompression, which in turn in-
creased the porosity of the rock and might have acted
like a “pump” for the fluid (Zilbershtein et al. 1999).
The formation of the ore-bearing mineral assemblages
(M2) near the contact of large bodies of fine-grained
rocks with the underlying rocks was the result of local
decompression.

The models of ore-mineral redeposition discussed by
Ballhaus & Stumpfl (1986), and Boudreau & McCallum
(1992) deal with high-temperature metasomatic alter-
ation by fluid at about 730°C and >1000°C, respectively.
The source of this fluid, as proposed by Boudreau &
McCallum (1992), could be the intercumulus liquid.
Within the Lukkulaisvaara massif, the redeposition of
the precious metals took place at temperatures of 660—
880°C (M1) and 320-450°C (M2). Isotope data also
show that the age of the secondary mineral associations
does not differ (within the uncertainties) from the age
of the intrusion itself, and that the metasomatic fluid
exhibits mantle characteristics. These findings may be
the result of arestricted amount of fluid contamination.

CoNCLUSIONS

1. The Lukkulaisvaara Layered pluton is a typical
insitu differentiated intrusion. The weighted mean com-
position of the intrusion corresponds to a boninitic—
marianitic magma. This conclusion does not contradict
the idea of the multiphase character of the intrusion
because the additional intrusive phases had composi-
tions close to that of the primary magma. Isotopic sig-
natures (eng in the range —0.7 to —3.9 for rocks of the
layered series, eng in the range +3.0 to +3.9 for fine-
grained rocks) prove the absence of cross-contamina-
tion of the primary and additional magmas.

2. Structuressimilar in morphology to the Merensky
Reef structures known as “ potholes” were found in the
Lukkulaisvaaraintrusion. A peculiarity of the potholes
here is the presence of fine-grained rocks whose origin
could be explained by injections of new magmaor melt
portions. Thetexture of these rocks suggestsrapid crys-
tallization of the melts, which could be dueto rapid loss
of volatiles (decompression effect) and to the tempera-
ture difference between residual and injected melts. At
least some portions of the new magmas were trapped in
the solidified part of the intrusive. The injection of new
magma took place at a pressure between 9.0 and
11.5 kbar.
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3. Therichest Fe-Ni—Cu sulfide and PGE mineral-
ization is related to the potholes. The composition of
the secondary minerals and the zoning of the ore-bear-
ing rocks with M1 assemblages are well reproduced by
amodel of the diffusive interaction along grain bound-
aries. Formation of ore-bearing M2 minera assemblages
took place according to adecompression-induced meta-
somatic process.

4. The formation of ore-bearing mineral associa-
tions occurred at 660 < T < 800°C, 1.5 < P < 3.0 kbar
(associations M1) and 320 < T < 450°C, 1.5<P< 3.0
kbar (associations M 2). Ore-bearing rocks were formed
under the influence of highly mineralized reducing hy-
drothermal solutions 2442 Ma ago by the reworking of
theintrusive rocks and an influx of anew portion of the
mantle-derived fluid with an eNd value of +2.1 and an
initial 87Sr/8sr of 0.7028.
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